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SUMMARY
Indirect triple-labeling immunohistochemical
techniques were used to identify the presence
of neuropeptide serine (NPS), neuronal nitric
oxide synthase (nNOS), vasoactive intestinal
peptide (VIP), and neuropeptide Y (NPY) in the
ganglionated plexuses of the human gallbladder.
The ganglionated plexuses examined in this
report are composed of irregularly shaped neurons
that inhabit the lamina propria and the muscularis
propria. Most of the neurons of the lamina propria
and muscularis were triple-labeled NPS, nNOS,
and NPY. Moderate numbers of neurons in the
lamina propria were immunopositive for NPS and
nNOS (NPY negative). This same combination of
immunopositivity was also seen in the muscularis.
Inversely, only a few nerve cells were found to be
NPS- and NPY-IR (nNOS negative) in both layers.
A small population of the neurons in both layers
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was observed to possess singular positivity for
nNOS-, NPS-, or NPY-IR.
Triple-labeled NPS-, nNOS- and VIP-IR neurons
were often observed in all layers of the gallbladder
but comparatively less frequently seen when
compared to the previous combination. In the
lamina propria, a modest number of nerve cells
were NPS- and VIP-IR. A similar observation
was made of the nerve cells in the muscularis.
Of all the sections examined, coexisting NPSand NOS-, or NOS- and VIP-IR neurons were not
observed. Single-labeled VIP- or NPS-IR neurons
were detected. However, no single labeled nNOSIR neurons were ever seen. Our present research
has demonstrated that NPS, along with many
other neuropeptides and neurotransmitters, may
play an essential role in the intrinsic regulation
of the human gallbladder.
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INTRODUCTION
Named after its N-terminus serine residue,
neuropeptide serine (NPS) is a 20 amino acid
modulatory bioactive neuropeptide that has
been identified in the brain, as well as the
gastrointestinal tract of mammals (Xu et al., 2004).
NPS targets neuropeptide S receptor (NPSR1, also
named GPR154), a G protein-coupled to both Gs
(Adenylyl cyclase) and Gq (phospholipase C), which
increases cyclic adenosine monophosphate (cAMP)
and intracellular calcium ions (Ca++), respectively.
(Reinscheid et al., 2005; Camilleri et al., 2010). In
the amygdala tissue of rodents, NPS has also been
reported to induce synthesis and phosphorylation
of calcium/calmodulin-dependent kinase II (Grund
and Neumann, 2018). The multiple mechanisms
of action of NPS suggest that the NPS/NPSR system
can potentially modulate various physiological and
pathological functions.
In the central nervous system (CNS), NPS has
been identified in nuclei of medial and lateral
parabrachial nuclei, the Kӧlliker-Fuse nucleus,
lateral lemniscus, locus coeruleus area, and the
pontine central gray matter (Camillari et al., 2010;
Adori et al., 2015). NPS has been found to promote
both excitatory and inhibitory neurotransmitter
pathways of the CNS, and reported to promote
anxiolysis and panicolytic-like effects in rodents
(Rizzi et al., 2008; Pulga et al., 2012), induces
hyperlocomotion (Castro et al., 2009), inhibits
food intake, promotes and regulate arousal,
wakefulness, and anxiety in mammals, (Smith et
al., 2006; Fedeli et al., 2009; Camilleri et al., 2010;
Peng et al., 2010; Elphick et al., 2010; Saudi et al.,
2015). Additionally, it has been reported that NPS
may play an important role in the learning and
memory process (Okamura et al., 2011).
In the gastrointestinal tract, studies have indicated
that NPS and NPSR1 signaling triggers an increase
in mRNA expression and subsequent production
of various neuropeptides and hormones such
as VIP, peptide YY, galanin, alpha polypeptides,
tachykinin 1, neurotensin, cholecystokinin, and
somatostatin. The release of these neuropeptides
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and hormones influences the motor and sensory
disorders of the gastrointestinal tract (e.g., pain,
gas, hastening of colonic transit, and urgency
sensations), demonstrated by individuals suffering
from irritable bowel syndrome (IBD) (Camilleri
et al., 2010; Sundman et al., 2010). In a dosedependent manner, NPS has also been reported
to inhibit intestinal and colonic motility via nitric
oxide neurons found in the myenteric plexus. In
small concentrations, NPS increases myoelectric
activity, and in greater concentrations, NPS
decreases myoelectric activity. These observations
are further supported, because many of the
myenteric neurons demonstrated the coexistence
of neuronal nitric oxide synthase (nNOS) and NPS.
NPS has also been reported to increase mucosal
permeability, although the mechanism of its
actions is presently unknown (Saudi et al., 2015).
Numerous studies have also shown that individuals
suffering from inflammatory bowel disease (IBD)
demonstrate multiple NPSR1 polymorphisms
and higher mucosal epithelial immunoreactivity
towards NPSR1 (D’Amato et al., 2007; Anedda et
al., 2011).
Neuropeptide Y plays many important roles
in physiological functions and is one of the most
abundantly distributed neuropeptides in the CNS
and the peripheral nervous system (PNS). In the
CNS, NPY has been reported to trigger hypothermia,
decrease energy expenditure, and possess an
orexigenic effect (stimulate food intake). In the PNS,
NPY has been reported to prompt mitogenesis and
angiogenesis (Hwa et al., 1999; Tam et al., 2018).
Studies have shown that the distribution of NPY-IR
nerves and intramural ganglia, although plenteous,
are rather organ and/or structural specific. For
example, NPY has been reported in the adrenergic
nerves, co-release with norepinephrine to trigger
vasoconstriction. However, in the urinary bladder,
NPY predominantly exists in cholinergic nerves
and contributes to the contraction of the detrusor
muscles (Iravani and Zar, 1994; Jen et al., 1995).
On the other hand, in the gallbladder, NPY has
been reported to have an inhibitory effect, and is
involved in gallbladder smooth muscle relaxation
and filling (Jansson et al., 1978; Uemura et al.,
1997; Ballal Ding et al., 1991; Sand et al., 1993; De
Giorgio et al., 1995; Sanford 1999; Jen et al., 2020).
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Vasoactive intestinal peptide (VIP) is a 28-residue
amino acid peptide first isolated in the porcine
duodenum. It has been reported that VIP is
widely distributed in both CNS and PNS, serving
as a neurotransmitter and/or neuroendocrine
releasing factor (Gonda et al., 1995; Umetsu et
al., 2011; Iwasaki et al., 2019). Numerous studies
have indicated that in the digestive tract, VIP
in conjunction with nitric oxide (NO) triggers
gastrointestinal smooth muscle relaxation,
particularly at sphincters in the rat (Li and Rand,
1990). The close relationship between VIP and
NO is further recognized by the reports that VIP is
released from axonal terminals with enzymes of
NO synthesis in the mammalian myenteric plexus
(Björck et al., 1986; Gross and Pothoulakis, 2007).
Research using animal models has indicated that
VIP has been reported to trigger smooth muscle
relaxation of the gallbladder and promote the
secretion of epithelial cells (Jansson et al., 1978;
Ballal and Sanford, 1999). For example, studies
have indicated that VIP increases chloride (Cl-)
secretion in the porcine gallbladder (Yadav et al.,
2011; Iwasaki et al., 2019). It has also been reported
that VIP induces a potent relaxation of both basal
and cholecystokinin-stimulated motor activity (Di
Giorgio et al., 1995). It is interesting to note that
the release of VIP is a local phenomenon isolated
to the intrinsic neurons of the gallbladder wall in
response to activation of adrenergic fibers in the
vagus nerves (Dahlstrand et al., 1989, Balemba et
al., 2004).
Although a few reports have targeted NPS in
the gastrointestinal tract, no studies focused
on their existence in the ganglionated plexuses
in the human gallbladder. In the present study,
triple-labeling immunohistochemistry was used
to examine the coexistence of neuropeptide S
(NPS) with neuronal nitric oxide synthase (nNOS),
neuropeptide Y (NPY), and vasoactive intestinal
peptide (VIP) in ganglionated plexus of the adult
human gallbladder.

MATERIALS AND METHODS
Twenty-three (23) human gallbladder samples
were obtained through contractual agreement
and partnership with Pikeville Medical Center
(PMC). These gallbladder samples were removed

using laparoscopic cholecystectomy from patients
suffering from gallbladder dysfunction with
biliary colic as sequelae of their conditions. Of
the 23 cases enrolled in the study, gallstones were
found surgically in only 14 (60.87%) gallbladders,
while all the cases (100%) demonstrated direct
impact of the stones on the gallbladder walls,
although no stones were found within the lumen
of the organ. In these acalculus cholecystitis
cases, the stones have most likely migrated into
the cystic and common bile ducts.
Only seven gallbladders were collected from
male patients; the remaining 16 samples were
gathered from female patients. All patients were
presented with chronic biliary colic (right upper
quadrant abdominal pain and nausea exacerbated
by fatty food). None of our patients had acute/
chronic cholecystitis or pancreatitis. Most patients
(91.3%) had normal white blood cell counts.
All patients with available laboratory data had
normal kidney function, platelet counts, thyroid
function tests, lipid profile, and liver enzymes. All
patients responded to surgical management with
no postsurgical complications and remarkable
clinical abdominal relief (Table 1).
General Morphology
The gallbladder lies in the gallbladder fossa
on the visceral surface of the liver; this shallow
fossa lies at the junction of the right and left liver
(segments IVB and V). The hollow, pear-shaped
gallbladder can hold up to 30-50 mL of bile,
measuring 7–10 cm long and 4 cm in diameter.
The gallbladder has three parts: the fundus,
the body, and the neck. Peritoneum completely
surrounds the fundus of the gallbladder and
binds its body and neck to the liver. The hepatic
surface of the gallbladder attaches to the liver by
connective tissue of the fibrous capsule of the liver.
The wall of the gallbladder consists of a mucosa
composed of simple columnar epithelium and
lamina propria, a thin muscularis with bundles
of muscle fibers oriented in several directions,
and an external adventitia or serosa. The lining
epithelial cells of the gallbladder have prominent
mitochondria, microvilli, and large intercellular
spaces, all indicative of cells actively transporting
water, for the purpose of concentrating bile. The
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mechanism for which includes the activity of
sodium cation (Na+) pumps in the basolateral
membranes followed by passive movement of
water from the bile.
General histological examination of the 23
tissue samples reveals histopathological changes
in the gallbladder mucosa due to cholelithiasis. In
all the samples examined, the simple columnar
cells of the epithelium have flattened to low
columnar or high cuboidal-shaped cells, while
many of these epithelial cells appear to possess
vacuolated cytoplasm. The epithelium appears to
be discontinuous and disrupted, while the apical
microvilli, which are prevalent in healthy tissues,
were not readily seen and/or simply missing in
the tissues examined.
Immunohistochemistry
Tissues were obtained with the written consent
of the patient. Specimens from each patient
were collected and preserved using Zamboni’s
fixative solution. Samples were washed with
phosphate-buffered saline (PBS) three times in
ten-minute intervals using the New Brunswick
Scientific Excella E24 Incubator Shaker. After

washing, tissues were embedded onto the cryostat
embedding mount using Sakura TissueTek® OCT
Compound and Bright Cryospray 134A and flash
frozen. Embedded tissues were then cut into 10
µm thick sections using the Bright OTF 5000
Cryostat and applied to gel-coated microscope
slides. One from every ten prepared slides was
selected for hematoxylin and eosin (H&E) staining.
Once stained, the slides were dried, cleared, and
mounted using Permount mounting medium.
Remaining slides were stored at -80º C in a Helmer
Scientific ultra-low temperature freezer.
Each H&E-stained slide was examined to reveal
the location of the ganglionated plexus with
intramural nerve cells. Once suitable sections
were found, slides were then selected for triple
labeling. Slides were washed for 10 minutes in
blocking buffer (.05% Sodium Azide, 1.5% goat
serum, 0.1% Triton, and 98.35% PBS). A barrier
was drawn around tissue on slides with the Vector
Laboratories® ImmEDGE™ Hydrophobic Barrier
Pen to prevent antibodies from displacing during
incubation.
Triple-labeling immunohistochemistry was
performed on approximately twenty (20) selec

Table 1. Patients’ characteristics.
Patients’ characteristics

Average findings

Age (years)

37.8 (23-59)

Sex, female

16/23 (69.57 %)

White blood cell count (NR: 3-11.3 k/µl)

8.7 (4.4-13.2)

Hemoglobin (NR: 10-16 g/dL)

14.08 (11.8-17.1)

Platelets (NR: 122-454 k/µl)

246.75 (180-285)

Alanine aminotransferase (ALT) (NR: 12-78 U/L)

29.33 (16-62)

Aspartate aminotransferase (AST) (NR: 15-37 U/L)

23.92 (11-93)

Total bilirubin (NR: 0.0-1.0 mg/dL)

0.67 (0.3-1.6)

Alkaline phosphatase (NR: 45-117 U/L)

75.71 (60-104)

Creatinine (NR: 0.6-1.3 mg/dL)

0.73 (0.5-0.9)

Albumin (NR: 3.4-5.0 g/dL)

3.73 (3.1-4.1)

Glucose (NR: 70-110 mg/dL)

111.83 (63-281)

Total cholesterol (NR: <200 mg/dL)

157.67 (118-165)

High-density lipoproteins (HDL) (NR: 40-59 mg/dL)

51.5 (42-55)

Low-density lipoprotein (LDL) (NR: <100 mg/dL)

85.97 (46-99)

Triglyceride (NR: <150 mg/dL)

98.33 (81-126)

Thyroid-stimulating hormone (TSH) (NR: 0.4-4.0 mIU/L)

3.64 (1.39-5.13))

NR: normal range.
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ted sections from each of the 23 gallbladder
specimens. The first group of staining involved
antibodies targeting NPS, nNOS, and NPY. The
second batch of tissues utilized antibodies
targeting NPS, nNOS, and VIP.

with Donkey Anti-Sheep IgG H&L Alexa Fluor
405 (1:200; Abcam) for six hours. Slides were
washed three times in ten-minute intervals with
PBS before being mounted with a 50/50 PBS and
glycerol solution.

Neuropeptide S (NPS rabbit; 1:1000; ABCAM)
polyclonal antibodies were applied to the slide and
left to incubate overnight (Table 2). All incubations
were performed in a dark incubation slide box
stored at 4oC in a Fisher Scientific generalpurpose refrigerator. After incubation, slides were
washed three times in ten-minute intervals with
PBS using the Excella E24 incubator shaker. The
secondary antibody, Biotinylated Anti-Rabbit IgG
(H+L) (1:200; Vector Laboratories), was applied
and left for four hours. Slides were again washed
three times in ten-minute intervals with PBS.
Fluorescein Avidin DCS (Cell Sorter Grade) (1:300;
Vector Laboratories) was applied and left for three
hours. The combination of the Anti-Rabbit IgG and
the Fluorescein Avidin DCS was used to visualize
the NPS polyclonal antibodies. Slides were again
washed three times in ten-minute intervals with
PBS using the Excella E24 incubator shaker.

VIP polyclonal antibodies (sheep; 1:1000;
Abcam), was used on 23 cryo-sectioned
gallbladder samples. These sections, affixed to
gel-coated slides, were incubated overnight (Table
2). These slides were again washed three times in
ten-minute intervals with PBS. Once the excess
primary antibodies are removed, the slides were
incubated with Donkey Anti-Sheep IgG H&L Alexa
Fluor 405 (1:200; Abcam) for six hours. Again,
the slides were washed three times in ten-minute
intervals with PBS before being mounted with a
50/50 PBS and glycerol solution.

Neuronal Nitric Oxide Synthase (nNOS)
monoclonal antibody (mouse; 1:400, Thermo
Fisher Scientific) was administered to slides and
left overnight for incubation. Slides were again
washed three times in ten-minute intervals with
PBS (Table 2). To visualize the nNOS primary
antibody, Donkey Anti-Mouse IgG Alexa Fluor 594
(1:200; Abcam) was applied and left to incubate
for six hours. Slides were again washed three
times in ten-minute intervals with PBS.
NPY polyclonal antibody (sheep; 1:500;
Millipore) was applied to slides and left overnight
to incubate (Table 2). Slides were again washed
three times in ten-minute intervals with PBS.
To visualize the NPY, slides were incubated

Analysis
Slides were viewed under an Olympus FluoViewFV1000 confocal microscope to determine the colocalization of the neurotransmitters (enzymes
involved in neurotransmitter formation) and neuropeptides. All photomicrographs were taken at
400x magnification with 1x to 2x zoom.

RESULTS
The ganglionated plexuses of the human
gallbladder examined in this report are composed
of irregularly shaped neurons located in the lamina
propria and the muscularis propria (ganglionated
plexus of the adventitia are not reported). In
our present study, immunofluorescent triplelabeling techniques were used to demonstrate the
existence of neuropeptides and enzymes involved
in neurotransmitter formation in the neurons
of the ganglionated plexuses. Two sets of triplelabeling were used on the sectioned tissues: j
NPS, nNOS, and NPY; k NPS, nNOS, and VIP.

Table 2. The characteristics of primary antibodies used in this experiment.
Antigen

Host Species

Antibody Type

Dilution

Supplier

NPS

Rabbit

Polyclonal

1:1000

ABCAM

NPY

Sheep

Polyclonal

1:500

Millipore

nNOS

Mouse

Monoclonal

1:400

Thermo Fisher

VIP

Sheep

Polyclonal

1:1000

ABCAM
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Triple-labeled NPS, nNOS, and NPY were
detected in most of the neurons examined in the
ganglionated plexus of the lamina propria. To a
much lesser extent, few neurons possess NPSand nNOS-immunoreactivity, while remaining
NPY-negative. In all the sections examined, only
a few cells were seen to possess NPS and NPY
without the presence of nNOS. Interestingly, a
small population of the single positive nNOSIR neurons was observed, while only a few cells
exhibited singular immunopositivity for NPS or
NPY (Fig. 1).

Similarly, in triple-labeled NPS, nNOS, NPY
was frequently seen in the neurons of the
muscularis. Few cells were observed to exhibit
NPS-, nNOS-immunoreactivity without NPY-IR.
Likewise, NPS-, NPY-IR neurons were rarely seen
without demonstrating nNOS immunoreactivity.
A moderate number of neurons showed nNOS
and NPY immunoreactivity without being triple
labeled with NPS. Like the cells of the ganglionated
plexus in the lamina propria, single labeled nNOS
and NPY were rarely observed in the smooth
muscle layer, although neurons exhibiting single
immunopositivity for NPS appear to be slightly
more numerous (Fig. 2, Table 3).

Fig. 1.- Photomicrographs showing that most of the neurons are triple-labeled with NPS, nNOS, and NPY in the gallbladder lamina propria. Arrow
A indicates few cells that are singularly positive for nNOS, while arrows B and C show NPS and nNOS double-labeled neurons without NPY-IR. Scale
bars = 25 µm.
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Fig. 2.- Triple-labeled ganglion found in the muscularis propria of the human gallbladder demonstrating immunopositivity for NPS, nNOS, and NPY.
Most of the neurons were immunopositive for all three antibodies, a small subpopulation of nNOS-immunonegative neurons, while exhibiting NPSand NPY-IR (arrow A). Arrow B demonstrates a nNOS-immunonegative neuron while being NPS- and weakly NPY-IR. Arrow C shows the first of the
three cells that display single positivity for NPS without coexisting with NPY or nNOS. Scale bars = 25 µm.

Table 3. Estimated distribution of NPS, nNOS, and NPY in the ganglionated plexus of the human gallbladder. Please note: the estimate for individual existence or dual existence (single- or double-labeled) of neuropeptides and neurotransmitter synthesizing
enzyme are part of the triple-labeled experiments. No single- or double-labeling experiments were performed.
Antibodies Used

Lamina Propria

Muscularis

NPS NOS NPY

+++

+++

NPS NOS

++

+

NPS NPY

+

+

NOS NPY

++

++

NPS

+

++

NOS

++

+

NPY

+

+

+++ High, ++ Moderate, + Sparse, - Not observed
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Triple-labeled NPS, nNOS, and VIP were
frequently detected in the neurons of the
ganglionated plexus in the lamina propria. Only
a moderate number of NPS- and VIP-IR neurons
was seen without nNOS-immunoreactivity. Of
all the sections examined, coexisting NPS- and
NOS-, or NOS- and VIP-IR neurons were not
observed.
Nonetheless, moderate numbers
of single labeled VIP- or NPS-IR neurons were
detected. Of all the sections investigated, no
single labeled nNOS-IR neurons were seen (Fig.
3). Likewise, in the ganglionated plexus of the

muscularis, triple-labeled NPS, nNOS, and VIP
were frequently detected. Only a small population
of these neurons exhibited only NPS- and VIPimmunoreactivity, while no coexisting NPS- and
NOS-IR combinations were ever seen. Modest
numbers of neurons showed singularly VIPimmunoreactivity, while few neurons were single
labeled NPS. Like the lamina propria, no single
labeled nNOS-IR neurons were detected (Fig. 4,
Table 4).

Fig. 3.- Most of the intrinsic neurons of the muscularis propria in the human gallbladder are immunopositive for all 3 antibodies, NPS, nNOS, and VIP.
Arrow A shows neurons singularly positive for NPS. Arrow B indicates a neuron that is double positive for NPS and nNOS. Arrow C indicates a single
cell that is immunopositive for NPS and NPY. Scale bars = 25 µm.

26

Eugeniya G. Dmitrieva et al

Fig. 4.- Majority of the intrinsic neurons of the gallbladder lamina propria demonstrates triple-labeled NPS, nNOS, and VIP. Arrow A demonstrates
a small cluster of 3 neurons that are nNOS immunonegative, while displaying weak NPS- and strong VIP-immunoreactivity. Arrow B show a single
immunopositivity for NPS and Arrow C displays single immunopositivity for VIP. It is interesting to note that nerve fibers immunopositive for NPS,
nNOS and VIP are observed to loosely enfold the neurons. Scale bars = 25 µm.

Table 4. Estimated distribution of NPS, nNOS, and VIP in the ganglionated plexus of the human gallbladder.
Antibodies Used

Lamina Propria

Muscularis

NPS, NOS, VIP

+++

+++

NPS, NOS

-

-

NPS, VIP

++

+

NOS, VIP

-

-

VIP

++

++

NOS

-

-

NPS

++

+

+++ High, ++ Moderate, + Sparse, - Not observed
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DISCUSSION
The human gallbladder’s epithelial tissues
and smooth musculature are regulated by
ganglionated plexuses, which are derived from the
same precursor neural crest cells that developed
into the submucosal and myenteric plexus of
the enteric nervous system (ENS). Although they
originated from the same embryonic tissue, the
ganglionated plexuses of the gallbladder display
neurochemical and physiological characteristics
that are distinct from the intrinsic nervous system
of the gastrointestinal tract (Mawe et al., 1997).
The distribution of the intramural ganglionated
plexus of the human gallbladder comprises
an array of neurons distributed in the lamina
propria and the muscularis. Although existing in
two populations, the isolation of the individual
ganglionated plexus appeared to be relatively
random. Numerous researches have shown that
the actions of these neurons are modulated by
autonomic nerves (e.g., extrinsic sympathetic,
parasympathetic), extrinsic sensory, duodenal
neural inputs, bile acid influencing GPBAR1
and subsequent secretion of GLP-1 and -2 by
L-cells (Li et al., 2011; Duboc et al., 2014; Yusta
et al., 2017; Shapiro et al., 2018), and prompted
by circulating hormones such as CCK, secretin,
gastrin, FGF15/19, and pancreatic polypeptide
(Mawe, 1998, 2000; Otsuki, 2000; Rehfeld, 2017;
Kliewer and Mangelsdorf, 2016).
In our earlier study, we have reported that
all the intrinsic neurons examined in the
human gallbladder were observed to be ChATimmunoreactive (-IR), although a spectrum
of immunopositivity ranging from strong to
weak was seen (Jen et al., 2020). In addition,
these presumptive cholinergic neurons were
seen coexisting with various neurochemicals.
As reported previously, a large portion of these
presumptive cholinergic neurons were also
immunopositive for neuromedin U-8 (NMU-8),
nNOS, and NPY.
In the present report, our analysis of triplelabeled sections demonstrated two distinct
populations of intrinsic neurons. Clusters of
neurons are found within the subepithelial
layers; some appear to be closely aligned with the
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simple columnar cells of the epithelia. Scattered
clusters of neurons are randomly detected within
the smooth muscle layer of the gallbladder.
Individual neurons were also detected; however,
their appearance may be due to the orientation
of the tissue and the particular tissue section
examined. Interestingly, the distribution patterns
of NPS, NPY, and nNOS appeared in most of the
neurons examined. When combining the result
of our previous studies with the present, we can
safely assume that many of these triple-labeled
neurons are also immunopositive for NMU-8.
Unfortunately, the monoclonal antiserum for
NMU-8 was not available at this present time, and
their coexistence will have to be elucidated on a
future date.
It is believed that the neurochemical contents
of gallbladder neurons are to provide fine control
to the organ’s motility and regulate epithelial
function (Peterson et al., 1993; De Giorgio et
al., 1995; Talmage et al., 1996; Uemura et al.,
1997). For example, muscularis propria nNOS-IR
neurons are believed to play an inhibitory role in
the musculature of the gallbladder, which, in turn,
affects the filling process of the gallbladder. It has
been reported that this filling process involves
receptive relaxation, a neurologically controlled
process, which increases the volume without
causing a rise in intraluminal pressure (Cole et al.,
1987; Mourelle et al., 1993). On the other hand, the
nNOS-IR subepithelial neurons positive may be
involved in the regulation of epithelial secretions
(Uemura et al., 1997; Parkman et al., 1997;
Greaves et al., 1998) and/or epithelial absorption
of water and electrolytes that concentrates bile
containing hydrophobic bile salts (Cole et al.,
1987; Behar, 2013).
According to Saudi and collaborators,
NPS closely associates with nNOS in the
gastrointestinal tract by inhibiting small intestine
and colonic motility in patients suffering from
IBD. Their study demonstrated that the effect of
NPS was abolished with pretreatment of L-NAME
(NG-Nitro- l-Arginine Methyl Ester), a nonselective nitric oxide synthase (NOS) inhibitor;
thereby concluding NPS action through NO in
the myenteric plexus. Additional pretreatment
of Tetrodotoxin (TTX), a sodium channel blocker,
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also inhibited NPS-induced effects, suggesting
NPS acts through neurological mechanisms
(Saudi et al., 2015). To correlate with our present
research, the high frequency that NPS and nNOS
coexist among the neurons of the ganglionated
plexus in the muscularis may suggest a similar
mechanism of action in the human gallbladder,
although additional research is required to
confirm this observation.
Saudi and collaborators also showed that
intravenous injection of NPS caused an increase
in intestinal mucosal permeability in rodents
through an unknown mechanism(s). A subsequent
study demonstrated that intravenously treated
rats displayed a reduction of basal duodenal
bicarbonate secretion and net fluid secretion
from the mucosa (Saudi and Sjöblom, 2017). Our
results have found that NPS-IR neurons were
frequently observed in the ganglionated plexus of
the lamina propria. This observation may indicate
a similar means could be utilized in controlling
the functions of the gallbladder epithelium.
Nonetheless, the exact mechanism that NPS
functions in the lamina propria will require
further elucidation.
Studies have shown that NPY and VIP frequently
coexist in the ganglionated plexus of the human
gallbladder and, through animal models, have
also indicated that both of these neuropeptides
are inhibitory and are involved in gallbladder
smooth muscle relaxation and filling (De Giorgio
et al., 1995; Jansson et al., 1978; Uemura et al.,
1997; Ballal and Sanford 1999). In the lamina
propria, VIP promotes the secretion of epithelial
cells (Jansson et al., 1978; Ballal and Sanford,
1999), and their functions in controlling the
epithelial cells are well documented. However, the
function of NPY within the ganglionated plexus
of the lamina propria will require additional
examination.
Our results have shown that triple-labeled NPS,
nNOS, and NPY were frequently observed among
the neurons of the ganglionated plexus, while
similar but less frequent observations were made
for NPS, nNOS, and VIP. These triple existence of
neuropeptide and presumptive neurotransmitter
shown in the present study, coupled with
the various neuropeptides and presumptive

neurotransmitter markers examined in the
previous study (e.g., NMU-8 and ChAT), indicates
the versatile nature of the intramural neurons
and their innervational effects on the smooth
musculature and epithelial secretions (Jen et al.,
2020).
In conclusion, our present study has shown that
the intrinsic innervational patterns of the human
gallbladder are complex, containing several
immunohistochemically distinct populations
based on their content of neurotransmittersynthesizing
enzyme
and
neuropeptides.
Our report, in conjunction with the previous
publication, has demonstrated that numerous
inhibitory and excitatory neuropeptides and
neurotransmitter (presumptive) coexist with
excitatory cholinergic neurons of the gallbladder
ganglionated plexus. Additional investigations will
be required to illuminate the exact mechanism
of their cooperative functions in the human
gallbladder (Jen et al., 2020).
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