
RESEARCH ARTICLE Brain-Gut Interactions

Human pancreatic afferent and efferent nerves: mapping and 3-D illustration

of exocrine, endocrine, and adipose innervation

Hung-Jen Chien,1* Tsai-Chen Chiang,2* Shih-Jung Peng,1,3 Mei-Hsin Chung,1,4 Ya-Hsien Chou,1,3

Chih-Yuan Lee,2 Yung-Ming Jeng,5 Yu-Wen Tien,2* and Shiue-Cheng Tang1,3*
1Institute of Biotechnology, National Tsing Hua University, Hsinchu, Taiwan; 2Department of Surgery, National Taiwan

University Hospital, Taipei, Taiwan; 3Department of Medical Science, National Tsing Hua University, Hsinchu, Taiwan;
4Department of Pathology, National Taiwan University Hospital-Hsinchu Branch, Hsinchu, Taiwan; and 5Department of

Pathology, National Taiwan University Hospital, Taipei, Taiwan

Submitted 2 May 2019; accepted in final form 3 September 2019

Chien HJ, Chiang TC, Peng SJ, Chung MH, Chou YH, Lee CY,
Jeng YM, Tien YW, Tang SC. Human pancreatic afferent and
efferent nerves: mapping and 3-D illustration of exocrine, endocrine,
and adipose innervation. Am J Physiol Gastrointest Liver Physiol 317:
G694–G706, 2019. First published September 11, 2019; doi:10.1152/
ajpgi.00116.2019.—The pancreas consists of both the exocrine (acini
and ducts) and endocrine (islets) compartments to participate in and
regulate the body’s digestive and metabolic activities. These activities
are subjected to neural modulation, but characterization of the human
pancreatic afferent and efferent nerves remains difficult because of the
lack of three-dimensional (3-D) image data. Here we prepare trans-
parent human donor pancreases for 3-D histology to reveal the
pancreatic microstructure, vasculature, and innervation in a global and
integrated fashion. The pancreatic neural network consists of the
substance P (SP)-positive sensory (afferent) nerves, the vesicular
acetylcholine transporter (VAChT)-positive parasympathetic (effer-
ent) nerves, and the tyrosine hydroxylase (TH)-positive sympathetic
(efferent) nerves. The SP� afferent nerves were found residing along
the basal domain of the interlobular ducts. The VAChT� and TH�

efferent nerves were identified at the peri-acinar and perivascular
spaces, which follow the blood vessels to the islets. In the intrapancre-
atic ganglia, the SP� (scattered minority, ~7%) and VAChT� neurons
co-localize, suggesting a local afferent-efferent interaction. Compared
with the mouse pancreas, the human pancreas differs in 1) the lack of
SP� afferent nerves in the islet, 2) the lower ganglionic density, and
3) the obvious presence of VAChT� and TH� nerves around the
intralobular adipocytes. The latter implicates the neural influence on
the pancreatic steatosis. Overall, our 3-D image data reveal the human
pancreatic afferent and efferent innervation patterns and provide the
anatomical foundation for future high-definition analyses of neural
remodeling in human pancreatic diseases.

NEW & NOTEWORTHY Modern three-dimensional (3-D) histol-
ogy with multiplex optical signals identifies the afferent and efferent
innervation patterns of human pancreas, which otherwise cannot be
defined with standard histology. Our 3-D image data reveal the
unexpected association of sensory and parasympathetic nerves/neu-
rons in the intrapancreatic ganglia and identify the sympathetic and
parasympathetic nerve contacts with the infiltrated adipocytes. The
multiplex approach offers a new way to characterize the human
pancreas in remodeling (e.g., fatty infiltration and duct lesion progres-
sion).

autonomic innervation; fatty infiltration; intrapancreatic ganglia; pan-
creatic steatosis; tissue clearing

INTRODUCTION

The human pancreas is an exocrine organ with acini and
ducts as the functional subunits to secrete and transport diges-
tive enzymes to the proximal duodenum for food digestion.
The pancreatic lobules also contain scattered endocrine tissues,
the islets, which secrete hormones including glucagon, insulin
(accompanied with amylin), somatostatin, ghrelin, and pancre-
atic polypeptide from �-, �-, �-, ε-, and �-cells, respectively, to
modulate metabolic activities and to maintain energy (glucose)
homeostasis. Studies of human and animal pancreases indicate
that both the enzyme and hormone secretions are under neural
control in response to physiological cues (1, 4, 32, 59). For
example, in meal anticipation and ingestion, the cephalic re-
sponses of islet hormone secretion [e.g., insulin, amylin, glu-
cagon, and pancreatic polypeptide secretion (27, 42, 57)] have
been attributed to autonomic activation (1, 2, 8, 58). Mean-
while, in the action of vago-vagal reflex, the mechanical and
chemical stimulations from foods in the upper gastrointestinal
tract generate sensory (afferent) nerve inputs to the dorsal
vagal complex, in which motor outputs are created and travel
back to the pancreas and intestine via the efferent parasympa-
thetic nerves, stimulating both organs for continuous produc-
tion and influx of enzymes to the duodenum (37). Conversely,
in the critical condition of severe hypoglycemia, the activation
of sympathetic nerves (efferent) contributes to the increase in
glucagon secretion and the suppression of insulin secretion
from the islet �- and �-cells, respectively, to restore euglyce-
mia (1, 52).

In pancreatic diseases, the injuries and remodeling of pan-
creatic microstructures are often associated with changes in the
neural structure and/or activity. For example, pain is a hallmark
symptom in pancreatitis and pancreatic cancer (11, 13). The
symptom indicates the activation of afferent sensory nerves.
However, their innervation patterns in the human pancreas
have been largely unknown. Regarding the efferent nerves, the
loss of islet sympathetic nerves has been observed in experi-
mental type 1 diabetes [nonobese diabetic mice (51) and
biobreeding rats (36)] and is proposed in patients with diabetes.
The islet neuropathy, in addition to other defective mecha-
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nisms in type 1 diabetes (e.g., loss of intra-islet �-cell/GABA-
mediated disinhibition of �-cells) (34, 52, 63), could partly
account for the loss of glucagon counter-response to the insu-
lin-induced hypoglycemia in patients who receive intensive
insulin therapy.

Despite the important roles of pancreatic innervation, prior
studies of this field primarily focus on the animals (e.g.,
rodents) and experimental conditions (1, 5, 9, 32, 49). Identi-
fication and illustration of the human pancreatic afferent and
efferent nerves are difficult, which is in part due to the
technical challenges in acquiring and preparing pancreatic
specimens (22). First, as an organ, the pancreas is filled with
strong digestive enzymes, which discourage biopsies taken
from the healthy or diabetic individuals because of safety
concerns. Second, the surgical biopsies acquired from patients
with pancreatitis or pancreatic cancer are largely deformed
(e.g., acinar atrophy), which cannot reflect the normal pancre-
atic innervation. Third, the resected pancreas often contains
residual blood and quickly undergoes autolysis: the former
creates a false positive (autofluorescence) in fluorescent label-
ing, whereas the latter causes a false negative in signal detec-
tion. These difficulties, unfortunately, cause uncertainty in
neurohistology and likely contribute to the mixed results about
the presence and pattern of human pancreatic exocrine and
endocrine innervation (21, 41, 50, 55).

To overcome the challenges in pancreatic neurohistology,
previously we prepared transparent donor pancreases for three-
dimensional (3-D) imaging and used the pan-neuronal markers
to visualize the pancreatic neuro-insular network (55). In this
study, we use the 3-D approach to examine the overall pan-
creatic community (exocrine, endocrine, and ectopic fats) and
immunolabel the human pancreases with the classic sensory,
parasympathetic, and sympathetic markers to resolve and il-
lustrate the afferent and efferent innervation patterns with
multidimensional and multiplex signals. Specifically, the sig-
nals include 1) the transmitted light and fluorescence signals,
which detect and confirm the intrinsic (acini, islets, and ducts)
and extrinsic (intralobular adipocytes) pancreatic compo-
nents, and 2) the tile-scanned and in-depth 3-D signals of
pancreatic microstructures, vasculature, and innervation,
which identify the intrapancreatic ganglia and depict the
innervation patterns in a global and an integrated fashion
(55, 56). In addition, we compare the human and mouse
pancreatic innervation patterns to highlight the similarities
and differences between the two systems. The physiological
implications of the adipose innervation and the unexpected
association of the sensory and parasympathetic nerves in the
human pancreas are discussed.

MATERIALS AND METHODS

Human and mouse pancreatic specimens. Collection and use of
human tissues were approved by the Institutional Review Board of
National Taiwan University Hospital. Normal human pancreases were
obtained from cadaveric organ donors. Perfused pancreases from 4
donors [sex/age (yr)/body mass index: female/40/24, male/53/28,
female/51/20, and female/26/22] with normal hemoglobin A1c, amy-
lase, and lipase levels were used to characterize the pancreatic
innervation. Additionally, 3 biopsies with duct lesions were obtained
from distal pancreatectomy for treatment of ductal adenocarcinoma
[(sex/age (yr)/staging: male/77/T1N0, male/52/T2N0, and male/67/
T3N0)] to confirm the pancreatic innervation and intrapancreatic

ganglia in a disease condition. Immediately after the operation, the
dissected biopsies were perfused with 1,000 mL of saline through the
splenic artery, which was cannulated with a 21-French peripheral
venous catheter, to remove the residual blood. Afterward, the pancre-
atic tissues were fixed in 4% formaldehyde for 2 days and then
washed in saline for 4 days at 4°C. Specimens were later sectioned to
350 �m in thickness by vibratome and transferred to 0.1% parafor-
maldehyde for preservation at 4°C (55).

Six mouse pancreases acquired from the wild-type male C57BL/6
(B6) mice at age ~12 wk were used to generate the representative
images. To prepare for pancreatic vessel labeling, the animals were
given a single intraperitoneal injection of Zoletil (Virbac, Carros
cedex, France; 200 �g/g body wt; overdose) and then euthanized via
transcardiac saline perfusion (1 mL/1 g body wt). Afterward, the
vasculature was perfused with the lectin-Alexa Fluor 488 conjugate
(Invitrogen, Carlsbad, CA) and followed by 4% paraformaldehyde
perfusion fixation (28). Next, the pancreases were dissected and
postfixed in 4% paraformaldehyde solution for 40 min at 15°C.
Vibratome sections of the fixed pancreases were then prepared, and
the sections were transferred to 0.1% paraformaldehyde for pres-
ervation at 4°C. The Institutional Animal Care and Use Commit-
tees at National Tsing Hua University approved all procedures with
mice.

Pancreatic tissue labeling and imaging. The fixed specimens were
immersed in 2% Triton X-100 solution for 2 h at 15°C for permea-
bilization. Seven different primary antibodies were used in combina-
tion to immunolabel the tissues following the protocol outlined below.
The antibodies used were rabbit anti-PGP9.5 [neuroendocrine marker
(24); ab-108986 and ab-196173, Abcam, Cambridge, MA], mouse
anti-CD31 (endothelial marker; MS-353-S1, Thermo Scientific, Fre-
mont, CA), mouse anti-glucagon (ab-10988, Abcam), guinea pig
anti-insulin (GTX-27842, GeneTex, Irvine, CA), rat anti-substance P
[SP; sensory nerve marker (33, 38), MAB-356, Millipore, Billerica,
MA], rabbit anti-vesicular acetylcholine transporter [VAChT, para-
sympathetic marker (3); 139103, Synaptic Systems, Goettingen, Ger-
many], and rabbit anti-tyrosine hydroxylase [TH, sympathetic marker
(16); AB-152, Millipore] antibodies. Before applying the antibodies,
tissue sections were rinsed in phosphate-buffered saline (PBS). This
was followed by a blocking step, incubating the tissue with the
blocking buffer (2% Triton X-100, 10% normal goat serum, and
0.02% sodium azide in PBS). The primary antibody was then diluted
in the dilution buffer (1:100, 0.25% Triton X-100, 1% normal goat
serum, and 0.02% sodium azide in PBS) to replace the blocking buffer
and incubated for 2 days at 15°C. Negative staining controls were
prepared by omitting the primary antibody in the buffer.

Alexa Fluor 647, 546, and 488 conjugated secondary antibodies
(raised in goat; 1:200, Invitrogen) were used in combination to
reveal the immunostained structures. DAPI or SYTO 16 staining
was performed to reveal the nuclei. To maximize photon penetra-
tion in deep-tissue microscopy, the labeled specimens were trans-
ferred to an aqueous tissue-clearing solution with high refractive
index (RapiClear 1.52 solution, SunJin Laboratory, Hsinchu, Tai-
wan) overnight and then immersed in a fresh RapiClear solution
for 1 day before being imaged via transmitted light and confocal
microscopy (12, 55).

Imaging of the tissue structure was performed with Zeiss LSM 800
confocal microscopes (Carl Zeiss, Jena, Germany) equipped with
�10 Fluar (optical section: 10 �m; z-axis increment: 5 �m), �25 LD
Plan-Apochromat (working distance: 570 �m; optical section: 5 �m;
z-axis increment: 2.5 �m), and �40 LD C-Apochromat (working
distance: 620 �m; optical section: 3 �m; z-axis increment: 1.5 �m)
lenses. Gross views of pancreatic lobules were acquired under
�10 lenses via tile-scan mode with automatic image stitching. The
laser-scanning process was operated under the multitrack scanning
mode to sequentially acquire signals, including the transmitted light
signals. Fluorescence signals in figures are pseudo-colored. Supple-
mental Tables S1 and S2 (http://doi.org/10.5281/zenodo.3373231)
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summarize the color codes for different markers and the immuno-
staining reagents/dilutions used in the illustrations, respectively.

Image signal processing, projection, and quantitation. The Avizo
6.2 image reconstruction software (VSG, Burlington, MA), Zen soft-

ware (Carl Zeiss), and LSM510 software (Carl Zeiss) were used for
projection, signal segmentation, noise reduction (Gaussian filter; ker-
nel 3 � 3), and analysis of confocal images. Quantitation of the nerve
density was previously illustrated by Juang et al. (23). In the estima-
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Fig. 1. Deep-tissue microscopy of human
pancreas: false-negative and false-posi-
tive results. False-negative result due to
tissue opacity (A–D). Opaque human
pancreas (female, age 26 yr, body mass
index 22) blocks signals in transmitted
light (A) and fluorescence (C) imaging.
Situation is relieved with optical clearing
(B and D). Green: neuroendocrine marker
PGP9.5 staining of nerves and islets.
Projection depth: 300 �m (C and D).
False-positive result due to residual blood
in specimen (E–G). E shows a blood clot
(inset, yellow box) in the pancreatic pa-
renchyma after overlaying the fluores-
cence and transmitted light signals. Red:
CD31 staining of endothelium. Gray: nu-
clear staining. Cyan box is enlarged in F.
Signal analysis of the green line in F

(600 pixels) is presented in G. Cyan
arrows in F and G indicate the blood
clot-induced autofluorescence (3.4 	 0.8
-fold of background signal intensity; n 

6 images; P � 0.001; signal segmenta-
tion and quantitation were performed us-
ing Zeiss Zen 2.1 SP2 software and an-
alyzed with two-tailed Student’s t test).
Magenta arrow in G: CD31 signal of
vessel wall.
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tion, feature extraction and image segmentation were first performed
by the Label Field function of Avizo to collect the voxels of islets and
the surrounding acini (within ~500 �m) and their associated SP�

nerve fibers and varicosities but exclude the globular SP� cells.
Afterward, the voxels of islet (or acinus)-associated nerves were
divided by those of the islets (or acini) � 100% to estimate the nerve
density. The same immunolabeling, imaging, and quantitation pro-
cesses were conducted on the comparable pancreatic sections to
characterize the nerve density on the same basis.

Statistical analysis. The quantitative values are presented as
means 	 SD. Statistical differences were determined by the unpaired
Student’s t test. Differences between groups were considered statis-
tically significant when P � 0.05.

RESULTS

False negative and false positive in deep-tissue fluorescence
imaging of human pancreas. The lobules of the human pan-
creas are intrinsically opaque (Fig. 1A). Thus, in deep-tissue
neurohistology, tissue clearing [or optical clearing (15, 30, 31),
Fig. 1B is essential to facilitate light transmission to avoid
signal loss due to scattering (false negative). This step is
crucial to both fluorescence and transmitted light microscopy:
the former requires fluorescence to emit from the labeled
nerves inside the tissue for imaging (Fig. 1, C vs. D), whereas
the latter requires light transmission across the specimen for
detection (Fig. 1, A vs. B). Between the two signal sources, the
transmitted light signals serve as the ground-truth information
to verify the tissue structure and network revealed via fluores-
cence imaging (Fig. 1, B vs. D).

In particular, the transmitted light signals allow us to detect
and avoid areas with blood clots in deep-tissue imaging. Figure
1E shows a typical clot in the donor pancreas, which has been
previously perfused. In the specimen, although most of the
parenchyma was blood free, scattered areas with blood clots
were inevitably present. These clots were identified via trans-
mitted light microscopy with tissue clearing (inset in Fig. 1E).
Further analysis of the clots shows false-positive signals (more
than threefold of the background), or autofluorescence, in the
peri-clot area (Fig. 1, F and G), underlining the spillover
interference of the residual blood in fluorescence imaging.

Because of the potential false-negative and false-positive
interferences in pancreatic neurohistology, it is crucial to
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acquire multidimensional (panoramic two-dimensional and in-
depth 3-D) and multiplex signals (transmitted light and paired
fluorescence signals) to cross-validate the novel innervation
patterns as described in the next five sections.

Mapping and 3-D illustration of human pancreatic afferent
nerves in parenchyma. The classic neuropeptides to identify
the afferent sensory nerves are the calcitonin gene-related
peptide (CGRP) and SP (14, 33, 38). In our parallel tests, the
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CGRP staining generates poor signal-to-noise ratio, whereas
the SP staining reveals the sensory nerves, which are a subset
of the overall pancreatic neural network (PGP9.5�, Fig. 2).
The SP� sensory nerves show the following four features in
the human pancreas. First, the nerve fibers are sparse, but they
can be found at the basal domain of the interlobular ducts (Fig.
2, A–F). Second, the SP� nerves follow the duct to the
peri-islet area but do not penetrate into the core (Fig. 2, D–F
and Supplemental Video S1, http://doi.org/10.5281/zenodo.
3373231). Third, the intrapancreatic ganglia are filled with the
SP� varicosities in contact with neurons (Fig. 2, G–I). Fourth,
the interlobular neural network is partly SP�, which includes a
scattered population of SP� neurons (~7% of neurons in
ganglia; Fig. 2, J–N).

To confirm the SP-labeled sensory innervation in the
disease condition, we apply the same paired staining of SP
and PGP9.5 to reveal the sensory nerves and neurons in duct
lesion formation (specimens derived from distal pancreate-
ctomy for treatment of patients with ductal adenocarcinoma).
Supplemental Figure S1 and Supplemental Video S2 (http://
doi.org/10.5281/zenodo.3373231) illustrate the lesion micro-
environment and the ganglia in which the immunoreactive SP�

neurons reside.
Similarity and difference between mouse and human pan-

creatic afferent sensory nerves. Using the same SP staining, in
Fig. 3 we present the mouse pancreatic sensory nerves, which
is a subset of the PGP9.5-labeled neural network. Similar to
their human counterparts, the PGP- and SP-labeled ganglia and
the neural network are prominently seen in the mouse pancreas
(Fig. 3, A–F). In addition, because the mouse pancreatic
lobules are relatively small (~500 �m), multiple ganglia, islets,
and lobules are simultaneously visualized with panoramic 3-D
microscopy (Fig. 3, A and D). These structures are connected
with the PGP9.5� nerve trunks, which include the SP� afferent
sensory nerves (Fig. 3, E and F).

The mouse SP� afferent sensory nerves differ from those
in the human pancreas in their islet association (Fig. 3, G–L
and Supplemental Video S3, http://doi.org/10.5281/zenodo.
3373231). In particular, the SP� nerve fibers and varicosi-
ties follow the arteriole to the islet mantle (Fig. 3, G and H;
note that the mouse ganglia often reside around islets, Fig.
3, K and L) and subsequently extend into the core (Fig. 3J).
Interestingly, in quantitation, we identify a 124% (P �
0.001) higher density of SP� nerves in the islets than acini
(Fig. 3M). The difference and the lack of SP� nerves in the
human islets indicate the likely difference(s) in the immu-

noreactivity of SP and/or the SP� innervation patterns
between the two systems.

Comparison of mouse and human pancreatic efferent para-
sympathetic nerves. In both mouse and human pancreases, the
efferent parasympathetic network, including the intrapancre-
atic ganglia, can be revealed with VAChT staining (Fig. 4). In
mice, the intrapancreatic ganglia often reside around the islets
(Fig. 4, A–E), and their density is 7.7-fold (P � 0.01) higher
than their counterparts in humans (Fig. 4F). In humans, the
intrapancreatic ganglia are sparse and mostly away from the
islet (Fig. 4E) (i.e., without a nearby landmark for detection).
A tissue map is thus needed to first survey the pancreatic
lobules (Fig. 4G) before zooming in for identification (Fig. 4,
H and I).

One major difference between the adult mouse and human
pancreases is the presence of adipocytes inside the lobules
(fatty infiltration or steatosis), which is common in the adult
humans but not in mice (45, 54, 55, 61). Using the paired
transmitted light and fluorescence imaging (Fig. 4, G–K),
we detect and confirm the parasympathetic innervation of
the intralobular adipocytes (VAChT� fibers and varicosities
around adipocytes), implicating that this ectopic fat devel-
opment is associated with the efferent parasympathetic
nerves.

It is worthwhile to note that despite the differences in
locations and densities of the mouse and human intrapancre-
atic ganglia (Fig. 4, E and F), in both systems their para-
sympathetic nerve extensions (fibers and varicosities) are
seen around the blood vessels. The neurovascular networks
travel together, reaching the acinar-islet boundaries and
integrating the exocrine and endocrine tissues (Fig. 4, B–D
and L–O). Interestingly, in the magnified images, scattered
VAChT� cells are found in the human islet (Fig. 4, N and
O). Because many neurons and endocrine cells share the
ability of amine precursor uptake and decarboxylation (39,
40), the neuronal or endocrine identity of these cells require
further investigation.

Comparison of mouse and human pancreatic efferent sym-
pathetic nerves. In both mouse and human pancreases, the
efferent sympathetic nerves can be detected with the TH
(enzyme of catecholamine synthesis) staining (Fig. 5, A–F).
Maps of mouse and human pancreases show that the TH�

sympathetic nerves follow the arterioles and capillaries in
extension. The perivascular sympathetic nerves associate with
the acini and islets in a pattern similar to the parasympathetic
innervation. It appears that no TH� neurons can be seen,

Fig. 4. Comparison of efferent parasympathetic nerves in mouse and human pancreases. A–D: vesicular acetylcholine transporter (VAChT)� ganglion and
parasympathetic nerves in mouse pancreas. Gross view in A (male, age 12 wk) and zoom-in examination in B–D show the islet-ganglionic association. A and
B: * indicates the VAChT� ganglion. C and D: signal projections show the connection of VAChT� varicosities in space and their vascular association.
Neurovascular network connects the exocrine (acini) and endocrine (islet) pancreas. Markers: nuclei, white; VAChT, green; blood vessels, red. E: evaluation of
islet-ganglionic association, mouse vs. human. Fewer ganglia (7.6%) are within 100 �m of an islet in the human pancreas compared with mouse pancreas
(72.6%). Sixty-six and 117 ganglia in the human (n 
 4) and mouse (n 
 6) pancreases, respectively, were analyzed. Ganglia and islets 50 �m in major axis
were used in the analysis. F: lower density of intrapancreatic ganglia in humans than in mice. Pancreases from 4 human donors (~400 mm3 of tissues from each
donor) and 6 mice (~70 mm3 of tissues from each mouse) were used in the analysis; data are presented as means 	 SD and analyzed with two-tailed Student’s
t test (**P � 0.01). G–K: VAChT� ganglion and adipocyte (Ad) innervation in human pancreas. Gross view in G (male, age 53 yr, body mass index 28) and
zoom-in examination in H–K reveal the VAChT� intrapancreatic ganglion (G–I, green patch) and the parasympathetic nerves around the intralobular adipocyte
(H–K). G: white arrows, adipocytes. H–K: yellow arrows, VAChT� fibers and varicosities. H and I: cyan arrows, somas of neurons. L–O: parasympathetic
neurovascular connection of human exocrine and endocrine pancreas. L and M: VAChT� parasympathetic nerves (yellow arrows) follow the blood vessels (red,
CD31�) from the exocrine domain to the islet core. N (inset in L) and O: acinar-islet neurovascular integration. White arrow indicates a VAChT� cell in the
islet.
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differing from the SP- and VAChT-labeled pancreases (Figs. 2
and 4), confirming that the sympathetic input to the pancreas is
extrinsic.

As demonstrated in Fig. 4, G–K, one major difference
between the mouse and human pancreases is the frequent

presence of intralobular adipocytes in the pancreas. These
adipocytes contact not only the pancreatic subunits (acini and
islets), but also the efferent parasympathetic (Fig. 4, G–K) and
sympathetic nerves (Fig. 5, G–I); the latter features TH� axons
and varicosities in the immediate microenvironment of adi-
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Fig. 5. Comparison of efferent sympathetic nerves in mouse and
human pancreases. A–C: tyrosine hydroxylase (TH)� sympa-
thetic nerves in mouse pancreas. Map in A (male, age 12 wk)
and signal projection in B and C show the neurovascular
association and integration of acini and islets. Arrow indicates
the peri-arteriolar sympathetic nerves. D–F: human counter-
parts. Markers: nuclei, white; TH, green; islet (insulin), blue;
blood vessels, red. D–F: TH� sympathetic nerves in human
pancreas. Map in D (female, age 40 yr, body mass index 24) and
signal projection in E and F show the association of sympathetic
nerves with vasculature (arrow, peri-arteriolar nerves). Intralob-
ular adipocytes (asterisk in D) are commonly seen in humans
but not in mice. Note that the human pancreatic lobule is
significantly larger than the mouse counterpart, and the human
islets are primarily intralobular. Same markers are used in A–C

and D–F. Letter I, islet. G–I: sympathetic innervation of adi-
pocyte. G and H: focus on the inset in D at different focal
depths. Both show TH� nerves (arrow) contact the adipocyte. I:
signal projection depicts the nerves extending from the nearby
acini to associate with the adipocyte (circle). Markers: nuclei,
white/blue; TH, green; CD31 (blood vessels), red.
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pocytes. The results reveal that both arms of the efferent nerves
could influence the adipocyte physiology.

Ganglionic colocalization of afferent and efferent nerves in
health and duct lesion formation. In the human intrapancreatic
ganglia, the concentrated SP� (Fig. 2M) and VAChT� (Fig.

4H) signals strongly suggest that the sensory and parasympa-
thetic nerves associate with each other at this location. Using
the quadruple staining of PGP9.5, SP, VAChT, and nuclei, we
confirm that the SP� and VAChT� neurons colocalize in the
ganglia (Fig. 6, A and B), and the efferent VAChT� neurons
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Fig. 6. Afferent and efferent nerve associ-
ation in health and duct lesion formation.
A and B: Co-localization of substance P
(SP)� and vesicular acetylcholine trans-
porter (VAChT)� neurons in human intra-
pancreatic ganglion. A–D: 6 neurons (no.
1–6; female, age 51 yr, body mass index 20)
are presented. Insets: SP� (A, red; no. 1) and
VAChT� (B, cyan; no. 6) neurons (arrows).
A and B examine the same ganglion. Mark-
ers: PGP9.5, green; SP, red; VAChT, cyan;
nuclei, white. C and D: neurons no. 2–5 are
presented. These neurons are VAChT� and
surrounded by SP� varicosities. C: contacts/
overlaps of SP� (red) and VAChT� (cyan)
signals appear as white dots around the neu-
rons. Arrows in C and D indicate the dimly
stained nuclei. E and F: pancreatic innerva-
tion and intrapancreatic ganglia in duct le-
sion formation. E: an area 5 cm distal to the
pancreatic ductal adenocarcinoma (male,
age 52 yr, staging T2N0). Yellow arrows
indicate the duct lesions. In the peri-lesional
microenvironment, four features are typi-
cally seen: acinar atrophy, islet aggregation
(letter I, islet), inflammation, and adipocyte
infiltration. Ganglia (cyan arrows in E and
F) are found around the lesion and associ-
ated with the infiltrated adipocytes (top left;
enlarged in G–I). G–I: colocalization of gan-
glionic SP� and VAChT� neurons in duct
lesion formation. Dashed arrow, nerve bun-
dle. Four neurons (no. 1–4) are presented.
No. 1, 2, and 4: VAChT� neurons. No. 3:
SP� neuron. H: adipose-ganglionic associa-
tion. White arrows: adipocytes.
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are surrounded by the SP� varicosities (Fig. 6, C and D). The
result provides the histological evidence of a potential afferent-
efferent reflex pathway in the human pancreas.

To explore this afferent-efferent neuronal association in the
disease condition, the same quadruple staining is used to
investigate the pancreatic innervation in duct lesion formation
(Fig. 6, E–I). The tissue map (Fig. 6E) depicts an area 5 cm
distal to the pancreatic ductal adenocarcinoma with apparent
acinar atrophy, inflammation, and adipocyte infiltration. The
intralobular adipocytes are used as the landmark to locate the
ganglion (Fig. 6, E and H). This is based on the known
tendency of the adipose-ganglionic association in the human
pancreas (55). Importantly, the enlarged images of the ganglion
confirm that, despite the loss of parenchyma (acinar atrophy),
the SP� and VAChT� neurons still reside in the remodeled
pancreas and associate with each other (Fig. 6, F–I). The result
highlights the intrinsic pancreatic neurons and their continuous
presence in the deformed pancreas in duct lesion progression.

DISCUSSION

Because of the technical challenges in specimen preparation
and deep-tissue imaging, the human pancreatic afferent and
efferent nerves have not been globally examined to illustrate
the exocrine, endocrine, and adipose innervation in an inte-
grated fashion. In this research, we prepare transparent pan-
creases for 3-D neurohistology, which avoids the potential
false-negative and false-positive interferences in fluorescent
imaging (Fig. 1). Using the multidimensional and multiplex
signals, we simultaneously illustrate the pancreatic microstruc-
tures (including the ectopic adipocytes) and neurovascular
networks in space, which otherwise cannot be easily defined
via the standard microtome-based two-dimensional histology.

Our 3-D image data show that the human pancreatic neural
network consists of the afferent SP� sensory nerves, the
efferent VAChT� parasympathetic and TH� sympathetic
nerves, and the intrapancreatic ganglia with SP� (scattered
minority, ~7%) and VAChT� neurons. The SP� afferent
nerves associate with the interlobular ducts (Fig. 2), whereas
the VAChT� and TH� efferent nerves reside at the peri-acinar
and perivascular spaces. Both the parasympathetic and sympa-
thetic nerves form the neurovascular networks that bridge the
exocrine (acini) and endocrine (islets) pancreas (Figs. 4 and 5).
Compared with the mouse pancreas, the human pancreas dif-
fers in 1) the lack of intra-islet SP� afferent nerves (Fig. 2,
D–F vs. Fig. 3, G–J), 2) the lower ganglionic density (Fig. 4F),
and 3) the obvious presence of VAChT� parasympathetic and
TH� sympathetic nerves around the intralobular adipocytes
(Fig. 4, G–K and Fig. 5, G–I). Table 1 summarizes the

innervation patterns revealed in the human and mouse pancre-
atic tissues.

The ectopic fat accumulation in the pancreas has been
suggested to affect the pancreatic exocrine and endocrine
functions (47, 60). The accumulation occurs as early as the
teenage years and the degree is linked with obesity (25). In the
adipose innervation, although the sympathetic innervation of
fat pads (brown and white) has been well established (6, 7), it
remains controversial regarding the fat pad-specific parasym-
pathetic innervation (20, 26). Whereas the sympathetic inputs
contribute to lipolysis, the parasympathetic influences have
been implicated for modulation of the insulin-mediated glucose
uptake by adipocytes (26, 35). In Fig. 4, G–K and Fig. 5, G–I,
we confirm that the ectopic fat in the human pancreatic lobules
is associated with the parasympathetic as well as sympathetic
nerves, implicating that both arms of the efferent nerves can
influence the pancreatic adipocyte population. This is similar to
the finding of Kreier et al. (26) of both sympathetic and
parasympathetic innervation of the intra-abdominal and subcu-
taneous white adipose tissues in rats. Interestingly, because the
high insulin concentrations in the pancreas promote adipogen-
esis (48), the insulin stimulation and the parasympathetic input
could act in concert in causing fat accumulation as observed in
the adult human pancreas in health and type 2 diabetes (19, 26,
55). However, it should be noted that the anatomic data
presented in Fig. 4, G–K and Fig. 5, G–I require additional
functional studies to fully establish the parasympathetic and
sympathetic influences on the ectopic fat accumulation in the
pancreas.

In the studies of pancreatic innervation and of pain in
pancreatitis and pancreatic cancer, SP staining has been rou-
tinely used to reveal the pancreatic sensory nerves and their
potential activation (10, 29, 43, 44, 46, 62). However, to the
best of our knowledge, the immunoreactive SP� neurons in the
human pancreas, as presented in Figs. 2 and 6 and Supplemen-
tal Fig. S1 and Supplemental Video S1 (http://doi.org/10.5281/
zenodo.3373231), have not been described. In the gut, it has
been known that the intrinsic afferent neurons have their cell
bodies and processes within the intestine, which directly or
indirectly associate with the epithelium for monitoring the gut
lumen activities and reflex activation (17, 18). Similar to the
enteric neural pathway, in the pancreas the ganglionic afferent
(immunoreactive SP) and efferent (immunoreactive VAChT)
association suggests that the pancreatic sensory information
may not be totally conveyed to the central nervous system.
Instead, a local reflex pathway may directly respond to the
sensory nerve activation, monitoring the epithelial microenvi-
ronment. On the basis of this anatomic evidence, future re-

Table 1. Summary of pancreatic innervation patterns revealed in humans and mice

Afferent Nerves, Sensory

(Immunoreactive SP)

Efferent Nerves, Parasympathetic

(Immunoreactive VAChT)

Efferent Nerves, Sympathetic

(Immunoreactive TH)

Human* Mouse Human* Mouse Human Mouse

Exocrine gland � � � � � �
Endocrine gland N.F. � � � � �
Ectopic fat N.A. N.A. � N.A. � (56)†

�, identified in this research; N.A., not analyzed in this research; N.F., not found in this research; SP, substance P; TH, tyrosine hydroxylase; VAChT,
vesicular acetylcholine transporter. *Examined in both normal pancreases from cadaveric donors and surgical biopsies distal to the tumor bulk of pancreatic
ductal adenocarcinoma; †Identified in reference 56.
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search should focus on establishing the synaptic connections
between the sensory and parasympathetic neurons in the intra-
pancreatic ganglia, confirming the reflex center in the human
pancreas.

Anatomically, unlike the enteric ganglia with known loca-
tions (submucosal and myenteric plexuses), the human intra-
pancreatic ganglia are scattered inside and around the lobules
without a known pattern and in a low density (Fig. 4F). This
uncertainty, therefore, demands tissue mapping to survey the
area of interest (e.g., Fig. 2A, Fig. 4G, and Fig. 6E) and then
zoom in to confirm the neuronal association. In this research,
we use panoramic and 3-D histology with tissue clearing to
facilitate tissue mapping and characterization of the intra-
pancreatic ganglia. However, our optical approach is limited
by two factors. First, the tissue clearing-based microscopy is
not compatible with functional imaging because of the
unphysiological osmotic pressure of the clearing reagent
(53). Second, we only indirectly see the nerves through
immunolabeling (SP, VAChT, or TH staining), which may
not reflect the overall neural networks in the pancreas. For
example, we suspect that the SP staining only reveals a
subset of the sensory nerves that use the neuropeptide in
communication rather than the entire sensory network. Nev-
ertheless, our imaging approach provides a strategy to
systematically detect and characterize the neural network,
including the intrapancreatic ganglia, in health (Fig. 6, A–D)
and duct lesion formation (Fig. 6, E–I). In particular, the
latter features tissue remodeling with inflammation, adi-
pocyte infiltration, and acinar atrophy, indicating that the
image analysis is not limited to the normal human pancreas.

In summary, using the multidimensional and multiplex op-
tical signals, we identify and characterize the human pancreatic
afferent and efferent innervation patterns and the intrapancre-
atic ganglia. Our work builds the technical and anatomical
foundations for future detailed neurohistological analyses of
the human pancreas in health and disease.
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