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A B S T R A C T

The sympathetic nervous system is crucial for the regulation of visceral organ function. For instance, the acti-
vation of the sympathetic nervous system promotes glycogenolysis in the liver and modulates glucagon and
insulin release from the pancreas, thereby raising blood glucose levels. A decrease in sympathetic nerve activity
has the opposite effect. Although such acute effects of sympathetic activity changes have been studied, their long-
term outcomes have not been previously examined. In this study, we removed the celiac/superior mesenteric
ganglia, where sympathetic postganglionic neurons innervating pancreas and liver locate, and examined its ef-
fects on glucose homeostasis and islet size several weeks after surgery. Consistent with the reduction in gluco-
neogenesis, glucose tolerance improved in gangliectomized mice. However, contrary to our expectation that the
inhibition of pancreatic function by sympathetic nerves would be relieved with gangliectomy, insulin or C-
peptide release did not increase. Examining the size distribution of pancreatic islets, we identified that the
gangliectomy led to a size reduction in large islets and a decrease in the proportion of α and β cells within each
islet, as analyzed by immunostaining for insulin and glucagon, respectively. These results indicate that the
absence of sympathetic nerve activity reduces the size of the pancreatic islets within a few weeks to reinstate the
homeostatic mechanism of blood glucose levels.

1. Introduction

The abdominal organs receive sympathetic postganglionic fibers
from the celiac plexus, which is a complex integrative center of auto-
nomic nerve fibers [1]. Tracing studies have revealed projections from
the postganglionic neurons in the celiac and superior mesenteric ganglia
(CG/SMG) of the celiac plexus to several organs, including the pancreas
and liver [1–3]. Recent three-dimensional imaging studies have
demonstrated dense sympathetic innervation in pancreatic islets, sug-
gesting that the nerves directly modulate islet α and β cells function in
response to internal and external stimuli [4–7].

The α and β cells of pancreatic islets secrete the pancreatic hormones
glucagon and insulin, respectively [7]. Glucagon promotes glycogenol-
ysis in the liver, leading to the breakdown of glycogen stores into
glucose, which is then released into the bloodstream [8]. Conversely,
insulin acts directly on the liver to inhibit glycogenolysis, facilitates the

uptake of glucose into nearly all organ cells, and promotes glycogen
synthesis and storage in the liver and muscles [9]. Electrical stimulation
experiments on visceral nerves suggest that the activation of the sym-
pathetic nervous system increases glucagon and inhibits insulin secre-
tion, leading to increased blood glucose levels [7]. However, a recent
study demonstrated that the specific activation of sympathetic efferent
neurons innervating the pancreas did not change plasma insulin or
glucagon levels, prompting us to reconsider the role of sympathetic
nerves in the pancreas [10].

Although many studies have focused on the acute effects of sympa-
thetic activity modulations on pancreatic function, the impact of sym-
pathetic nervous system alterations over several weeks has not been
analyzed. In this study, we investigated the impact of diminished sym-
pathetic nervous function over a few weeks by removing CG/SMG
(CGX). Our findings revealed a shift in the distribution of pancreatic islet
sizes towards small dimensions, accompanied by a decrease in the
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proportion of α and β cells per islet. These results suggested that sym-
pathetic nerves play a crucial role in the sustained maintenance of
pancreatic function.

2. Materials and methods

2.1. Animals

All animal experiments were performed according to protocols
approved by the Animal Care and Use Committee of Tottori University
(approval number 23-Y-45). Adult male wild-type C57BL/6J mice from
CLEA were housed in separate cages for more than 2 weeks and managed
under regular conditions (room temperature 23 ± 1 ◦C and a 12-hour
light/dark cycle on am 9:00-to-21:00 light cycle) with water and
mouse chow available ad libitum (Rodent Diet CE-2, CLEA Japan).

2.2. Retrograde labelling

The mice were anesthetized with medetomidine (Domitor; Nippon
Zenyaku Kogyo, Fukushima, Japan), midazolam (SANDOZ; SANDOZ,
Tokyo, Japan), and butorphanol (Vetorphale; Meiji Seika Pharma,
Tokyo, Japan) at doses of 0.3, 4, and 5 mg/kg body weight [bw],
respectively [11]. The incision area was shaved and prepared using an
ethanol scrub. Following laparotomy, the head and tail of the pancreas
were identified as adjacent to the stomach and spleen. AAV-CAG-
tdTomato (Addgene # 59462-AAVrg at titer ≥ 7 × 1012 vg/mL) was
injected at eight sites per pancreas to be evenly administered throughout
the entire organ. Using heat-pulled glass capillary tubes, a total of 4 µL
solution was injected at a rate of 250 nL/min, carefully avoiding damage
to the blood vessels. Five minutes after each injection, the viscera were
rinsed with sterile saline to reduce the possibility that a small amount of
leaked virus infects the other tissues than pancreas. Then, the muscle
and skin were sutured. The mice were allowed to recover for 4 weeks
with free access to water and food. After being anesthetized again, mice
were transcardially perfused with phosphate buffered saline (PBS), fol-
lowed by fixation with 4 % paraformaldehyde (PFA) in PBS. The CG-
SMG was excised for whole-mount observation using a confocal micro-
scope with a tile function (LSM900, Zeiss, Jena, Germany).

2.3. CGX and sham surgery

All sham and CGX surgeries were performed on mice aged 12–16
weeks. Surgery was performed under anesthesia as described previously.
The body temperature of the mice was maintained using a heating mat
throughout the surgery. The CG-SMG was localized following the
method described [12]. Visible nerves near the main vessels (eg. aorta,
superior mesenteric artery, and celiac artery) were stripped and
removed as completely as possible. The abdomen was closed in two
layers using interrupted sutures. Mice were administered atipamezole
0.75 mg/kg bw (Antisedan, Zenoaq, Fukushima, Japan) to counteract
the effects of anesthesia. For the sham surgery, the ganglion was exposed
but not otherwise disturbed. All functional analyses were performed
2–8 weeks following the surgery.

2.4. Intraperitoneal (ip) glucose tolerance test (ipGTT) and ip pyruvate
tolerance test (ipPTT)

Before the ipGTT and ipPTT, the mice were habituated to restraint
for 1 min per day for 5 consecutive days. The mice were fasted overnight
from 18:00 to 10:00 the following day with unrestricted access to water.
Glucose for the ipGTT (2 g/kg bw) or sodium pyruvate for the ipPTT (2
g/kg bw) was delivered via ip injection. Blood glucose levels in the tail
vein were monitored using a glucometer (Antsense DUO, HORIBA,
Kyoto, Japan).

2.5. Intraperitoneal insulin tolerance test (ipITT)

Before ipITT, the mice were habituated to restraint for 1 min/day for
5 consecutive days. The mice were fasted for 2 h from 10:00 to 12:00,
and 1.7 U/kg bw insulin (I9278; Merck, Darmstadt, Germany) was
administered via ip injection. The blood glucose levels in the tail vein
were monitored using a glucometer.

2.6. Insulin, C-peptide, and glucagon enzyme-linked immunosorbent
assay (ELISA)

Plasma insulin, C-peptide, and glucagon levels were assessed using
commercial ELISA kits (LBIS Mouse Insulin ELISA Kit U-type,
633–03411, Fujifilm, Tokyo, Japan; LBIS Mouse C-peptide ELISA Kit U-
type, 631–07231, Fujifilm; Mercodia Glucagon ELISA 10 µL, 10–1281-
01, Mercodia, Uppsala, Sweden). During ipGTT or ipITT, 30–40 µL or
70–80 µL of blood was collected from the tail vein at various time points
using hematocrit capillaries (9100275, Hirschmann Laborgeräte, Eber-
stadt, Germany). The blood was then transferred to a 0.5-mL tube coated
with 1 µL 1000 U/mL heparin-Na in 0.5 M ethylenediaminetetraacetic
acid and 1 µL aprotinin (018–18111, WAKO, Osaka, Japan) and kept on
ice. Plasma was subsequently separated by centrifugation (1,200 g for
15 min) and stored at − 80 ◦C. Blood (30–40 μL) for 10 μL plasma was
used for insulin measurement, whereas and blood (70–80 µL) for 20 µL
was used for plasma for C-peptide and glucagon measurement.

2.7. Immunofluorescence staining

All histological analyses were conducted 4–5 weeks after the surgery.
Immunofluorescence staining was performed as described previously
[13]. Briefly, anesthetized mice were perfused with PBS, followed by 4
% PFA in PBS. The pancreas or CG-SMG were dissected and post-fixed
for 4 h (CG-SMG) or overnight (pancreas) in 4 % PFA in PBS at 4 ◦C.
They were then incubated overnight at 4 ◦C in 30 % sucrose in PBS.
Tissues were sliced at a thickness of 20 µm using a freezing microtome
(Leica, Germany). The slices were blocked with blocking solution (5 %
bovine serum albumin (BSA), 0.1 % Triton X-100 in PBS) at room
temperature (RT) for 1 h, followed by incubation with primary antibody
(Chicken anti-tyrosine hydroxylase (TH), 1:500, ab76442, Abcam,
Cambridge, UK; Guinea pig anti-insulin, 1:50, GTX27842, GeneTex,
Irvine, CA; Rabbit anti-glucagon, 1:1000, ab92517, Abcam) in primary
dilution buffer (1 % BSA, 0.3 % Triton X-100 in PBS) at 4 ◦C overnight.
After washing four times for 5 min with PBS at RT, the samples were
incubated with secondary antibodies (Donkey anti-rabbit Alexa594,
1:500, a21207, Invitrogen, Waltham, MA; Donkey anti-chicken
Alexa488, 1:250, 703-545-155, Jackson ImmunoResearch, West
Grove, PA; donkey anti-guinea pig Alexa594, 1:500, 706-585-148,
Jackson ImmunoResearch; donkey anti-rabbit Alexa 648, 1:500,
ab150075, Abcam) in blocking solution at RT for 2 h. After washing four
times for 5 min with PBS at RT, Fluoromount-G mounting medium (with
4′,6-diamidino-2-phenylindole [DAPI]) (00-4959-52, Invitrogen) was
utilized to mount the slides.

2.8. Image capture and quantification analysis

Microscopic images were captured using an LSM900 confocal mi-
croscope (Zeiss) with ZEN imaging software (Zeiss). The entire tissue
section was captured using a 10x lens with a tile function in two chan-
nels (DAPI and 647). Subsequently, individual islet images were
captured using a 20x lens with a z-stack function in four fluorescent
channels (488, 594, and 647 DAPI). Quantitative analysis of cellular
composition, including islet area, TH, β, and α cell area, was conducted
using ImageJ software (https://imagej.net/ij/). Initially, merged images
from the four fluorescent channels were employed to manually delineate
the boundaries of each islet. Moreover, regions of interest (ROIs) were
recorded and stored in the ROI manager to demonstrate the islet area.
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Because TH is also expressed in pancreatic acinar cells and islet β cells
[14], the TH-positive cell bodies were manually excluded from the TH
area measurement for the assessment of sympathetic nerve innervation.
Subsequently, single-channel images were converted to eight-bit masks
and subjected to thresholding to measure the area of TH, β, and α cell
areas, utilizing the previously recorded ROIs.

2.9. Statistical analysis

Testing groups were balanced by age and genotype, and the
randomization of experimental groups was not performed. No statistical
methods were used to predetermine sample sizes. All statistical analyses
were performed using GraphPad Prism software (GraphPad Software,
Boston, MA, USA). The normality of the data was initially tested by the
Shapiro-Wilk test. TH area per islet size of each mouse, plasma glucagon
levels after overnight fasting, islet density, and islet area per pancreas
area were analyzed using unpaired t-tests. The TH/insulin/glucagon
area per islet size was compared using the Mann–Whitney U test. The
ipGTT, ipITT and ipPTT time courses were analyzed using repeated
measures and two-way analysis of variance with post-hoc Sidak’s mul-
tiple comparisons test. Plasma glucagon levels during ipITT was
analyzed using mixed-effects analysis. Percentage fractions of different-
size islets in Fig. 3B were compared between sham and CGX using
Pearson’s Chi-squared test.

3. Results

3.1. CGX drastically reduces islet sympathetic innervation

To trace the neurons directly projecting to the pancreas, we injected
AAVrg-CAG-tdTomato, an adeno-associated virus with a retrograde
serotype (AAVrg), into the pancreas. Consistent with previous studies
indicating that the neural innervation of the pancreas primarily origi-
nates from the CG-SMG [2], the expression of tdTomato, a red fluores-
cent protein, was observed in many CG-SMG neurons (Fig. 1A). As
expected, after the CG-SMG removal (CGX) (Fig. 1B), sympathetic
nerves detected by immunohistochemical staining of TH in islet signif-
icantly decreased in each mouse and each islet (Fig. 1C–E).

3.2. CGX improves glucose tolerance by reducing glucogenesis in the liver

After a recovery period of more than 2 weeks post-surgery, we
examined whether the long-term absence of sympathetic innervation
altered the regulation of glucose homeostasis by performing an ipGTT
after overnight fasting (Fig. 2A). Pre-dose basal blood glucose levels did
not demonstrate any statistically significant differences between the
sham and CGX groups (0 min). Blood glucose levels after ip glucose
dosing in the CGX group were significantly lower than those in the
control sham group at 15, 30, 60, and 90 min, indicating that the CGX
group exhibited improved glucose tolerance compared with that in the
sham group. The improvement in glucose tolerance by CGX suggests at
least two underlying mechanisms: the first is a reduction in the sup-
pressive effect of sympathetic nerves on insulin release in the pancreas
and the second is a reduction in sympathetic nerve-dependent

Fig. 1. Celiac and superior mesenteric ganglia removal drastically reduces islet sympathetic innervation. (A) Retrograde labeling of celiac and superior mesenteric
ganglia (CG-SMG) neurons from the pancreas using AAVrg-CAG-tdTomato. Scale bars, 500 µm. (B) Sham and CGX surgery. Yellow lines demonstrate the position of
CG-SMG. (C) Immunostaining of anti-tyrosine hydroxylase (TH) (green) and 4′,6-diamidino-2-phenylindole (blue) in the islets of sham and CGX group. Scale bars, 50
µm. (D) TH area/islet size in each mouse (n = 4 mice each, p = 0.038). (E) TH area/islet size of each islet (sham group, n = 132; CGX group, n = 115; p < 0.0001).
Data are displayed as means ± standard error of the mean. Analyses were performed using the unpaired t-test (D) or Mann–Whitney U test (E). *P<0.05, **P<0.01,
***P<0.001, and ****P<0.0001.
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glycogenolysis in the liver.
To explore a possibility that the suppressive effect on insulin release

was reduced by CGX, we assessed the changes in circulating insulin and
C-peptide levels during ipGTT. C-peptide is a reliable indicator of insulin
secretion as it is not cleared by the liver and has a longer half-life than
that of insulin (30 min vs. 4 min) [15]. No statistically significant dif-
ference in the pre-dose basal levels or post-dose responses of plasma
insulin was observed between the sham and CGX groups (Fig. 2B). C-
peptide levels appeared to be lower in CGX group, though there was no
significant difference (Fig. 2C). To assess changes in insulin sensitivity
between the sham and CGX groups, we conducted an ipITT after a 2-h
fasting period. Pre-dose basal blood glucose levels (0 min) and post-
dose reduction responses (15–150 min) did not exhibit any statisti-
cally significant difference between the sham and CGX groups (Fig. 2D).

Next, we tested a possibility of changes in liver gluconeogenesis by
performing ipPTT after overnight fasting (Fig. 2E). Pre-dose basal blood
glucose levels (0 min) demonstrated no statistically significant differ-
ences between the sham and CGX groups. After pyruvate injection,
blood glucose levels increased in both groups; however, the responses in
the CGX group were significantly lower than those in the sham group.
These results indicated that CGX-impaired gluconeogenesis in the liver
led to an improvement in glucose tolerance.

Glucagon, whose secretion is promoted by sympathetic nerves,
counteracts the actions of insulin and addresses hypoglycemia by
boosting hepatic glucose output and gluconeogenesis [16,17]. The
glucagon test during the ipITT revealed no statistically significant dif-
ference in plasma glucagon levels between the sham and CGX groups
(Fig. 2F). Consistently, plasma glucagon levels were not altered by CGX
treatment (Fig. 2G).

3.3. CGX reduces islet size

We compared the size distribution of the islets in each group to
determine the reason why insulin release did not change after CGX. In
the cumulative plot of islet size, the CGX group exhibited a slight shift
towards a smaller islet size compared to that observed in the sham group
(Fig. 3A). The islet size fraction also displayed an increase in the small
size fraction (<10,000 µm2) and a reduction in large size fraction
(>10,000 µm2) in CGX groups compared to that in the sham group
(Fig. 3B; <500 µm2, 6.82 and 12.17 %; 500–5,000 µm2, 34.85 and 31.30

%; 5000–10,000 µm2, 18.18 and 23.48 %; 10,000–30,000 µm2, 29.55
and 26.96 %; >30,000 µm2, 10.61 and 6.09 %, for sham and CGX,
respectively), though it has no statistical significance (Pearson’s Chi-
squared test, p = 0.33). Notably, no significant alteration was detected
in total islet density or proportion of islet area in the pancreas following
CGX treatment (Fig. 3C and D).

To determine the reason for the size dependency of these changes, we
examined the relationship between islet size and sympathetic nerve
innervation (Fig. 3E and F). In both groups, islet size and TH-positive
area were both largely proportional. Importantly, the reduction in
innervation by CGX was especially obvious in large islets.

3.4. CGX reduces α and β cell area in large islets

Finally, we examined the relationship between α/β cell area and islet
size. We identified a reduction in the proportion of β cell area in large
islet fractions. In the islet ranging from 10,000–30,000 µm2, the insulin
area per islet area was two-fold smaller in the CGX group (0.17 ± 0.019)
compared to that in the sham group (0.083 ± 0.015) (Fig. 4A and B).
Similarly, the α cell area per islet size was reduced in the islet ranging
from 10,000–30,000 µm2 (sham 0.069 ± 0.011 vs. CGX 0.031 ± 0.0068)
and > 30,000 µm2 (sham 0.043 ± 0.0079 vs. CGX 0.0072 ± 0.0020)
(Fig. 4C and D). These results suggest a functional reduction in the
number of large islets. Of note, the proportion of α and β cell was not
changed by the resection, suggesting that the reduction in size occurred
similarly in both α and β cell areas (Fig. 4E and F).

4. Discussion

To date, no study has elucidated the correlation between islet size
distribution and sympathetic innervation. In this study, we conducted a
detailed analysis of the relationship between islet size distribution and
sympathetic innervation for the first time. As a result, sympathectomy
was revealed to cause changes in size distribution, with a decrease in
large islets and an increase in small islets. As no change in density was
noted, the large islets were considered simply to not have undergone
selective death. Rather, the large islets likely shrank and transitioned to
smaller ones, leading to an increase in the proportion of small islets. Cell
death in large islets and/or cell proliferation in small islets could be
tested using TUNEL and Ki67 staining, respectively, in future studies.

Fig. 2. Celiac and superior mesenteric ganglia removal improves glucose tolerance by reducing insulin-dependent glucogenesis in the liver. (A) Plasma blood glucose
level during intraperitoneal glucose tolerance test (ipGTT) (n = 9 mice each). (B) Plasma insulin level during ipGTT (n = 6 mice each). (C) Plasma C-peptide level
during ipGTT (n = 7 mice each). (D) Plasma blood glucose level during intraperitoneal pyruvate tolerance test (ipITT) (sham group, n = 7; CGX group, n = 8). (E)
Plasma blood glucose level during ipPTT (n = 8 mice each). (F) Plasma glucagon level during ipITT (time 0, sham, n = 2, CGX, n = 3; time 30/60, n = 4 mice each).
(G) Plasma glucagon level after overnight fasting (sham, n = 8; CGX, n = 7; p = 0.34). Data are shown as means ± standard mean of the error. Analyses were
performed using a two-way analysis of variance (A, B, C, D, and E), mixed-effects analysis (F), and unpaired t-test (G). *P<0.05, **P<0.01, ***P<0.001,
and ****P<0.0001.
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Previous studies have reported that in certain pathological condi-
tions, large islets are more vulnerable than small islets. In streptozotocin
(STZ)-treated rats, the total number of islets decreased, with a particu-
larly notable reduction in large islets (12,501–20,000 µm2) and very
large islets (>20,000 µm2) [18]. Additionally, in patients with type 2
diabetes, large islets (diameter > 60 mm) are preferentially lost
compared to those in non-diabetic individuals [19]. However, no
compelling explanation exists as to why large islets are lost preferen-
tially. In this study, we revealed for the first time that large islets are
significantly susceptible to the loss of sympathetic innervation. This
indicates that the attenuation of sympathetic activity due to diabetic
neuropathy selectively impacts large islets, elucidating their suscepti-
bility to diabetes.

To determine whether the CGX effects on function vary with islet
size, analyzing the secretion of insulin, C-peptide, or glucagon at the
level of individual islets in addition to immunohistochemical evalua-
tions is essential. Recent advancements in in vitro research techniques

have facilitated the measurement of the insulin secretion profiles of
individual islets using methods such as fluorescence anisotropy [20] and
electrophoretic immunoassays [21,22]. However, these techniques have
not succeeded in reproducing dynamic sympathetic control in the CG in
vitro. Further technological advancements are required for future
research.

The CG/SMG encompasses neurons that regulate multiple organs,
including the liver; therefore, CGX can affect various organs. Indeed,
improvements in glucose tolerance in Fig. 2A were thought to have
originated from changes in liver function. Since C-peptide is less sus-
ceptible to degradation compared to insulin, the difference between
insulin and C-peptide is considered to reflect the difference in insulin
clearance by liver. In Fig. 2C, the C-peptide levels appears lower in CGX,
though no reduction was observed in insulin levels. Accordingly,
reduction in C-peptide levels may suggest that insulin clearance is
slightly reduced in CGX group. This could be due to impaired sympa-
thetic control for the liver function.

Fig. 3. Celiac and superior mesenteric ganglia removal reduces islet size. (A) Cumulative curve of the islet size distribution (sham group, n = 132; CGX group, n =

115 from 4 mice each). (B) Percentage of different-size islets. (C) Islet number/pancreas area in each mouse (n = 4 mice each). (D) Islet area/pancreas area in each
mouse (n = 4 mice each). (E) Relationship between islet size and anti-tyrosine hydroxylase (TH) area. The formulas of linear regression are Y = 0.0052X + 16.60
(Sham) and Y = 0.0011X + 4.23 (CGX). (F) Relationship between islet size and the ratio of TH area to islet area. Data are demonstrated as means ± standard mean of
the error. Analyses were performed using the unpaired t-test (C, D) or Mann-Whitney U test (F). *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.
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Refuting the possibility that signals from other organs affected by
sympathetic nerve deficiency may have influenced the changes in islet
size observed in this study is challenging. To address this issue, experi-
ments that selectively control the activity of sympathetic nerves inner-
vating the pancreas are required. Attempts to express proteins in the
pancreas by injecting AAV expressing Cre and Cre-dependent AAV into
the CG and pancreas, respectively, have revealed limited expression
[10]. Further technological improvements will be necessary in the
future.

We discovered that CGX resulted in a decrease in the α and β cell
areas only in large islets. A strong correlation between β cell area and

established indicators of β cell function and blood glucose control was
reported [23]. In addition, blood glucose control is closely associated
with the human pancreatic β cell area [4,24]. In patients with type 2
diabetes, the proportion of β cells in large islets is reduced [19]. Our
results suggest that the reduction of the β cells in large islets in diabetes
may be caused by a reduction in sympathetic activity. Considering a
decrease in β cell mass is implicated in both type 1 and type 2 diabetes
(65 % in type 2 diabetes, 99 % in type 1 diabetes) [25–27], further
investigation on the long-term sympathetic modulation on β cell size
would contribute to the understanding of diabetes pathology and future
therapeutic developments.

Fig. 4. Celiac and superior mesenteric ganglia removal reduces α and β cell area in large islets. (A) Relationship between islet size and insulin area (sham group, n =

132; CGX group, n = 115 from 4 mice each). The formulas of linear regression are Y = 0.095X + 666.0 (Sham) and Y = 0.049X + 505.10 (CGX). (B) Relationship
between islet size and the ratio of insulin area to islet area. (C) Relationship between islet size and glucagon area. The formulas of linear regression are Y = 0.038X +

237.80 (Sham) and Y = 0.010X + 283.60 (CGX). (D) Relationship between islet size and the ratio of glucagon area to islet area. (E) Relationship between insulin area
and glucagon area. The formulas of linear regression are Y = 0.37X + 31.23 (Sham) and Y = 0.33X + 58.54 (CGX). (F) Relationship between islet size and the ratio of
glucagon area to insulin area. Data are displayed as means ± standard mean of the error. Analyses were performed using the Mann–Whitney U test (B, D, F). *P<0.05,
**P<0.01, ***P<0.001, and ****P<0.0001.
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5. Conclusion

In this study, we found that gangliectomy caused a size reduction in
larger islets and a decrease in the proportion of α and β cells within each
islet within a few weeks. This is the first study to demonstrate that
sympathetic nerve activity plays an important role in maintaining
pancreatic islets, providing a new perspective on pancreatic function
and glucose metabolism. The results of this study will contribute to
elucidating the mechanisms of interaction between the sympathetic
nervous system and pancreatic islets and may contribute to the devel-
opment of treatment strategies for pancreatic-related diseases such as
diabetes.
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