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Muscimol microinjection into cerebellar fastigial 
nucleus exacerbates stress-induced gastric mucosal 
damage in rats
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Aim: To investigate the effects of microinjection of the GABAA receptor agonist muscimol into cerebellar fastigial nucleus (FN) on stress-
induced gastric mucosal damage and the underlying mechanism in rats.
Methods: Stress-induced gastric mucosal damage was induced in adult male SD rats by restraining and immersing them in cold water 
for 3 h.  GABAA receptor agonist or antagonist was microinjected into the lateral FN.  The decussation of superior cerebellar peduncle 
(DSCP) was electrically destroyed and the lateral hypothalamic area (LHA) was chemically ablated by microinjection of kainic acid.  
The pathological changes in the gastric mucosa were evaluated using TUNEL staining, immunohistochemistry staining and Western 
blotting.
Results: Microinjection of muscimol (1.25, 2.5, and 5.0 µg) into FN significantly exacerbated the stress-induced gastric mucosal 
damage in a dose-dependent manner, whereas microinjection of GABAA receptor antagonist bicuculline attenuated the damage.  The 
intensifying effect of muscimol on gastric mucosal damage was abolished by electrical lesion of DSCP or chemical ablation of LHA 
performed 3 d before microinjection of muscimol.  Microinjection of muscimol markedly increased the discharge frequency of the 
greater splanchnic nerve, significantly increased the gastric acid volume and acidity, and further reduced the gastric mucosal blood 
flow.  In the gastric mucosa, further reduced proliferation cells, enhanced apoptosis, and decreased anti-oxidant levels were observed 
following microinjection of muscimol.
Conclusion: Cerebellar FN participates in the regulation of stress-induced gastric mucosal damage, and cerebello-hypothalamic circuits 
contribute to the process.
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Introduction
In recent years, increasing evidence has indicated that the 
development of stress-induced gastric mucosal damage is 
associated with variations in the gastrointestinal tract, includ-
ing gastrointestinal function, gastric mucosal blood flow, and 
gastric epithelial cells[1, 2].  However, we know little about the 
role of the central nervous system (CNS) in regulating stress-
induced gastric mucosal damage.

In a previous study, we discovered that stimulation of the 
fastigial nucleus (FN) in the cerebellum markedly attenuated 
the stress-induced gastric mucosal damage[3].  In contrast, 

chemical ablation of FN exacerbated this damage.  However, 
the details of the mechanism underlying these processes are 
unclear.

Numerous auto-radiographic and immunocytochemical 
studies have demonstrated that the somata and axon terminals 
of Purkinje cells contain gamma-aminobutyric acid (GABA)[4].  
Meanwhile, deep cerebellar nuclear neurons are primarily 
controlled via GABAergic neuron-mediated inhibitory input 
from Purkinje cells in the cerebellar cortex[5–8].  GABAA recep-
tors were confirmed to be present in the FN and to receive 
Purkinje cell projections[9–11].  Thus, we suspected that GABAA 
receptors in the FN are potentially involved in the regulation 
of the cerebellum in stress-induced gastric mucosal damage.

Recently, direct bidirectional connections were revealed 
to exist between the cerebellum and hypothalamus: ie, 
these are the hypothalamic-cerebellar projection and the 
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cerebellar-hypothalamic projection, which constitute the 
cerebellar-hypothalamic circuits[12].  The cerebellar-hypotha-
lamic projection arises from the DCN, passes through the 
decussation of superior cerebellar peduncle (DSCP) and proj-
ects into the lateral hypothalamic area (LHA).  In the present 
research, the role of cerebellar-hypothalamic circuits in the 
regulation of the FN on stress-induced gastric mucosal dam-
age will be discussed.

LHA has been demonstrated to be linked to celiac sym-
pathetic and parasympathetic nerves, which constitute the 
greater splanchnic nerve (GSN)[13].  Our previous studies 
showed that variations in GSN discharge frequency are asso-
ciated with the regulation of stomach functions[14, 15].  Con-
sequently, studying the effect of changes in the GSN on this 
regulation is essential.

The gastric mucosa is maintained by a balance between the 
apoptosis and the proliferation of mucosal epithelium cells[16].  
Numerous reports have suggested that gastric gland secretory 
function and oxidation contribute to stress-induced gastric 
mucosal damage[1, 2].  Such pathological changes may break 
down the system that protects gastric mucosa cells, resulting 
in an erosion or ulcer as a result of attacks by acid or pepsin.  
Therefore, revealing how the FN regulates stress-induced gas-
tric damage could help treat various gastrointestinal diseases.

Materials and methods
Animals
All procedures involving animals were approved by the 
Animal Welfare Committee of Xuzhou Medical College, 
and all experiments were conducted in accordance with the 
USA National Institute of Health Guide for the Care and Use 
of Laboratory Animals.  Adult male Sprague-Dawley rats, 
weighing 200–230 g, were supplied by the Experimental Ani-
mal Center of Xuzhou Medical College, Xuzhou, China (Usage 
Certificate No: SYXK [SU] 2002-0038).  The rats in each group 
were housed in wire mesh cages with food and water available 
at random and were adapted to laboratory conditions.  The 
room temperature was maintained at 23±1 °C under a 12/12 h 
day/night period cycle.  Prior to the induction of restraint and 
water (21±1 °C)-immersion (RWI), all rats were fasted for 24 h 
but allowed free access to tap water.

Reagents
Muscimol, bicuculline and kainic acid were obtained from Sig-
ma-Aldrich (St Louis, USA).  The In Situ Apoptosis Detection 
Kit, POD was purchased from Roche Diagnostics (Berlin, Ger-
many).  3,3′-Diaminobenzidine (DAB), rabbit anti-Caspase-3, 
rabbit anti-Bcl-2, rabbit anti-Bax, rabbit anti-β-actin and rabbit 
anti-proliferating cell nuclear antigen (PCNA) antibodies and 
alkaline phosphorylase-tagged goat anti-rabbit IgG antibody 
were obtained from Zhongshan Golden Bridge Biotech Co 
(Beijing, China).  The SABC rabbit IgG POD kit and BCIP/
NBT assay kit were purchased from Boster Bio-engineering 
(Wuhan, China).  The malondialdehyde (MDA) and superox-
ide dismutase (SOD) assay kits were obtained from Jiancheng 
Bioengineering (Nanjing, China).

Orientation of brain nuclei
The rats were anesthetized with sodium pentobarbital hypo-
dermically (0.04 g/kg) and subsequently mounted on a ste-
reotactic apparatus.  The scalp was incised, and a hole, 0.5 
mm in diameter, was drilled in the cranium, dorsally to the 
target site.  The coordinates for the locations of the FN, DSCP 
and LHA were determined according to the rat brain atlas in 
stereotaxic coordinates[17] as follows: AP 11.6 mm, LR 1.0 mm, 
H 5.6 mm; AP 7.4 mm, LR 0 mm, H 7.8–8.0 mm; and AP 2.8 
mm, LR 1.5 mm, H 8.3–8.5 mm, respectively.  The incisor bar 
was positioned 3.3 mm below the center of the aural bar.  To 
confirm that all the brain sites were microinjected or destroyed 
correctly, after the stomachs had been removed at the end of 
the experiment, the rats were perfused intracardially with 4% 
neutral formaldehyde, and then the brains were extracted and 
immersed in 10% paraformaldehyde before fixation for 48 h.  
The brains were later frozen-sectioned and stained with 1% 
neutral red to confirm the sites of the lesions and microinjec-
tions.  Data from those rats with target sites that were not in 
accord with the histological criteria were excluded from the 
statistical analysis.

Microinjection and electrical destruction
Muscimol, a GABAA receptor agonist, was microinjected into 
the bilateral FN via a cannula connected to a microsyringe 
with a polyethylene tube.  The regular dose of muscimol was 
2.50 µg in a volume of 0.3 µL 0.9% saline in all the muscimol 
injection groups.  However, we used three different doses 
(1.25, 2.50, and 5.00 µg in a volume of 0.3 µL 0.9% saline)[18] 
when we studied the relationship between the dose and the 
effect.  The injection lasted for 2 min, and the injection can-
nula was left in place for another 3 min to prevent backflow.  
Similarly, the vehicle (0.3 µL 0.9% saline) and bicuculline 
(5.00 μg in 0.3 µL 0.9% saline), a GABAA receptor antagonist, 
were each microinjected into the FN.  The electrical ablation 
of the DSCP[3] was performed using a positive DC current of 
1 mA for 10 s.  The sham DSCP electrical ablation group was 
treated with the same procedure as above but without any 
current.  The chemical ablation of the LHA was conducted by 
the microinjection of kainic acid (0.30 μg in a volume of 0.3 μL 
saline)[19] into the bilateral LHA.  Saline was microinjected in 
the sham LHA ablation group.  In the experiments, the DSCP 
and LHA were destroyed electrically or chemically 3 d before 
the microinjection of muscimol (2.50 µg in a volume of 0.3 µL 
0.9% saline) and RWI.

Model preparation
In the experimental animals, the FN was microinjected 30 min 
prior to the induction of stress-induced gastric mucosal dam-
age.  The animals were then lightly anesthetized with ether 
and fixed to a lab-made framework.  The model of stress-
induced gastric mucosal damage was prepared according to a 
previously described method[20].  The rats were restrained and 
immersed in cold water (21±1 °C) for 3 h to develop the stress 
model.
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Assessment of the gastric mucosal damage index
The gastric mucosal damage index (GMDI) was measured 
as described[21].  At the end of the experiments, the rats were 
anesthetized with an overdose of sodium pentobarbital.  The 
stomach was incised along the greater curvature and flushed 
with cold PBS (0.1 mol/L).  The index was based on a cumu-
lative-length scale on which an individual lesion limited to 
the mucosal epithelium was scored according to its length as 
follows: 1, ≤1 mm; 2, >1 mm and ≤2 mm; and 3, >2 mm and ≤3 
mm.  For those lesions >1 mm in width, the lesion score was 
doubled.  The summation of the scores of all lesions represents 
the GMDI, which was determined by a researcher who was 
blinded to the treatments to avoid bias.

Measurement of discharge frequency of greater splanchnic 
nerve
The discharge frequency of the GSN was measured as 
described[22].  It was recorded for 2 min by single barrel elec-
trodes, wrapped with glass, before and after the microinjection 
of muscimol into the FN.  The discharge signals were ampli-
fied and filtered via a preamplifier and stored in a computer 
equipped with the MedLab-U/4C501 biological signal acquisi-
tion system (Nanjing Mei-yi Science and Technology Co, Ltd, 
Nanjing, China), which automatically examined the discharge 
frequency of the GSN.  Thus, only the GSN activities in the 
stable discharge were recorded.

Measurement of gastric mucosal blood flow
The measurement of gastric mucosal blood flow was per-
formed as previously described[3].  It was measured with a 
Laser-Doppler flowmeter (LDF-2, Nankai University, Tian-
jin, China).  Briefly, the rats were anesthetized with sodium 
pentobarbital (40 mg/kg), the abdomen was opened, the 
stomach was exposed and transected, and the gastric content 
was slightly evacuated to the exterior through the cut (5 mm) 
in the stomach.  The laser probe was placed 0.5 mm above 
and perpendicular to the mucosal surface to observe the gas-
tric mucosal blood flow displayed on the digital panel of the 
flowmeter.  When the blood flow was stable, four points were 
selected to record (one point for 1 min), and then the average 
value was calculated.

Immunohistochemistry staining assay
At the end of the experiments, the rats were anesthetized with 
an overdose of sodium pentobarbital.  The stomachs were rap-
idly removed and opened along the greater curvature.  One 
half was fixed in 10% paraformaldehyde for 48 h, sliced into 
4 μm thick sections and mounted on glass slides for immu-
nohistochemical staining and transferase-mediated dUTP-
biotin nick end-labeling (TUNEL) assay.  The assessment of 
gastric mucosal cell proliferation was determined by the SABC 
immunohistochemical method as previously described[23].  We 
chose rabbit anti-PCNA (diluted to 1:100 in PBS) and biotiny-
lated goat anti-rabbit IgG antibody as the primary and bridg-
ing antibodies.  The primary antibody was replaced by PBS for 
the negative control.  The quantitative analysis was performed 

blindly by counting the number of PCNA-positive cells (the 
presence of brown granules in the nucleus defined a posi-
tive cell) and the total cell number in ten random microscopic 
fields.  The proliferation percentage is the percentage of prolif-
erative cells (positive cells/total cells×100%) in each group cal-
culated from three inconsecutive sections selected from each 
specimen.

TUNEL assay
The TUNEL staining was performed on paraffin sections with 
an in situ cell death detection kit, according to the manufac-
turer’s instructions and as described in a previous work[24].  
Hematoxylin was used to counterstain the sections.  The aver-
age number of TUNEL-positive cells in each group was cal-
culated from three inconsecutive sections selected from each 
specimen.  Finally, a quantitative analysis was performed by 
counting the number of TUNEL-positive cells in ten random 
microscopic fields.

Western blotting
At the end of the experiments, the other half of the gastric 
mucosa was stored at -80 °C for Western blotting.  The process 
was performed as previously reported[25].  The protein concen-
tration was determined using a BCA protein assay kit.  The 
sample protein was separated by 10% SDS-polyacrylamide 
gel electrophoresis and subsequently transferred to a nitrocel-
lulose membrane.  The membranes were immunoblotted with 
primary antibodies that recognize MAPKs (anti-bax antibody 
1:500, anti-Bcl-2 antibody 1:500, anti-Caspase-3 antibody 1:750 
and anti-β-actin antibody 1:2000).  The detection was per-
formed with alkaline phosphatase goat anti-rabbit IgG (1:1000) 
and then developed with the BCIP/NBT assay kit.  Then, the 
bands were scanned and analyzed by Image-Pro plus 6.0.

Measurement of malondialdehyde content and superoxide 
dismutase activity
The measurement of MDA and SOD was performed as 
described[26].  To detect the MDA content and SOD activity, 
the gastric mucosa was stored at 4 °C.  The homogenate had 
been centrifuged at 3000×g for 10 min, and the supernatant 
was retained.  The protein concentration was determined by 
the Coomassie brilliant blue protein assay.  The level of lipid 
peroxidation was detected by thiobarbituric acid-reactive sub-
stances and detected spectrophotometrically at 532 nm.  The 
SOD activity was detected spectrophotometrically at 550 nm 
by the xanthine/xanthine oxidase reaction method.  The MDA 
content and SOD activity were expressed in nmol/mg and 
U/mg individually.

Measurement of gastric juice volume and acidity
The measurement of the gastric juice volume and acidity was 
performed as previously described[27].  After the microinjec-
tion of muscimol into the cerebellar FN, the rat abdomen was 
incised along the midline.  A polyethylene tube was inserted 
in the low side of the stomach while the pylorus was ligated, 
and then the abdominal incision was sutured.  The gastric 
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fluid was collected for 3 h.  Based on the results, we detected 
the variation in the gastric acid secretory functions.

Statistical analysis
All results are expressed as the mean±SEM.  Comparisons 
between two groups were conducted using Student’s t-test, 
and multiple-group analyses were conducted by the one-way 
ANOVA test.  The statistical analyses were performed using 
GraphPad Prism 5 and SPSS 16.0.  The results were considered 
to be significantly different at P<0.05.

Results
Histological verification
The histological verification was performed on all target sites 
of electrical and chemical lesions and of microinjections by 
referring to the stereotaxic atlas (Figure 1).

Effect of muscimol and bicuculline microinjection into the FN on 
stress-induced gastric mucosal damage
The GMDI was 54.33±3.47 in the RWI group and 53.67±3.45 
in Vehicle group; in contrast, no damage was observed in the 

Normal group.  Compared with the Vehicle group, the GMDI 
was obviously increased (75.17±3.55, 88.17±3.95, 109.2±4.16, 
n=6, P<0.01) following the microinjection of different doses of 
muscimol into the FN (Figure 2A).  Statistical analysis of the 
correlation between the doses and the GMDI indicated that 
the correlation was significant at the 0.01 level.  Additionally, 
bicuculline microinjection into the FN reduced the GMDI 
(27.83±4.06, P<0.01 vs vehicle).

Role of the decussation of superior cerebellar peduncle (DSCP)
To further ascertain whether the DSCP helps mediate this 
process, electrical ablation of the DSCP was executed 3 d 
prior to the microinjection and RWI.  The result showed 
that the GMDI was 87.33±2.23 in the Sham DSCP Electrical 
Ablation+muscimol+RWI group and was lower, 55.83±2.75, 
in the DSCP Electrical Ablation+muscimol+RWI group.  This 
comparison showed the difference between the two groups 
was significant (P<0.01, Figure 2B).

Role of the lateral hypothalamic area (LHA)
To investigate whether the intensifying effect of the muscimol 

Figure 1.  The target sites in the rats’ brains.  (A) Photomicrograph of microinjection site of FN; (B and C) photomicrographs of ablation sites of DSCP 
and LHA in the rats’ brains.  The sections were stained with neutral red, showing the positions (scale bar: 200 µm).

Figure 2.  The roles of FN, DSCP, and LHA on stress-induced gastric mucosal damage in rats.  (A) Effects of microinjections of muscimol and bicuculline 
into FN on stress-induced gastric mucosal damage in rats.  Normal: normal; RWI: restraint and water (21±1 °C)-immersion, only; Vehicle: microinjection 
of Vehicle into FN+RWI; 1.25 μg, 2.50 μg, 5.00 μg: different doses of muscimol were microinjected into the FN individually+RWI; bicuculline: 
bicuculline microinjection into FN+RWI.  Mean±SEM.  n=6.  cP<0.01 vs Vehicle group.  (B) Role of DSCP in muscimol microinjection into FN on stress-
induced gastric mucosal damage in rats.  SDEA+V+RWI: sham DSCP electrical ablation+microinjection of Vehicle into FN+RWI; SDEA+M+RWI: sham 
DSCP electrical ablation+microinjection of muscimol into FN+RWI; DEA+M+RWI: DSCP electrical ablation+microinjection of muscimol into FN+RWI.  
Mean±SEM.  n=6.  fP<0.01 vs SDEA+M+RWI group.  (C) Role of LHA in muscimol microinjection into FN on stress-induced gastric mucosal damage in 
rats.  SLHAA+V+RWI: sham LHA ablation+microinjection of Vehicle into FN+RWI; SLHAA+M+RWI: sham LHA ablation+microinjection of muscimol into 
FN+RWI; LHAA+M+RWI: LHA ablation+microinjection of muscimol into FN+RWI.  Mean±SEM. n=6.  iP<0.01 vs SLHAA+M+RWI group.
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microinjection into the FN is mediated through the LHA, the 
LHA was damaged 3 d before the microinjection of muscimol 
into the FN.  The GMDI was 85.67±3.48 in the Sham LHA 
Ablation+muscimol+RWI group and was lower, 58.33±2.64, 
in the LHA Ablation+muscimol+RWI group.  This compari-
son showed a significant difference between the two groups 
(P<0.01, Figure 2C).

Effect of muscimol microinjection into the FN on the discharge 
frequency of the GSN
To further clarify the role of the peripheral sympathetic path-
way in the effect of muscimol microinjection into the FN, the 
discharge frequency of the GSN was recorded in rats prior 
to and following the microinjection of muscimol into the FN.  
Three discharge frequencies were chosen from three different 
time points, as shown in Figure 3A.  The computations and 
analyses revealed that the GSN mean discharge frequency 
showed an upward trend from 396±12.6 Hz (before the micro-
injection) to 1082±36.1 Hz (after the microinjection) (P<0.01, 
n=6).

Effect of muscimol microinjection into the FN on the gastric 
mucosal blood flow
Comparison of the gastric mucosal blood flow between the 

Normal (82.17±3.32 mV) and RWI (39.33±3.07 mV) groups 
indicated that restraint, cold water and immersion caused an 
obvious decrease in the gastric mucosal blood flow assessed 
by the Laser-Doppler flowmeter.  The blood flow was 
37.67±2.67 mV in the Vehicle group, which was not different 
from that of the RWI group.  However, the blood flow was sig-
nificantly lower, 28.00±2.08 mV, in the muscimol group.  There 
was a significant difference between the muscimol and Vehicle 
groups (P<0.05, Figure 3B).

Effect of muscimol microinjection into the FN on the proliferation 
of gastric mucosa cells in stress-induced gastric mucosal 
damage
As indicated in Figure 4A and 4B, PCNA-positive cells (ie, 
proliferating cells) had brown-stained nuclei.  Although there 
was an abundance of proliferating cells in the Normal group 
(55.17%±6.05%), the percentage of proliferating cells was 
lower, 23.00%±2.63%, in the Vehicle group.  In the muscimol 
group, it was significantly lower than that in the Vehicle group 
(9.83%±1.93%, P<0.01).

Effect of muscimol microinjection into the FN on the apoptosis of 
gastric mucosal cells in stress-induced gastric mucosal damage
Figure 4C and 4D shows that the average percentage of apop-
totic cells was approximately 2.33%±0.90% in the Normal 
group.  In the Vehicle group, the percentage of apoptotic cells 
was significantly higher (35.67%±4.66%, P<0.01) than that in 
the Normal group.  In the muscimol group compared with the 
Vehicle group, we observed an increase in the percentage of 
cells undergoing apoptosis (66.50%±4.91%, P<0.01).

Effect of muscimol microinjection into the FN on the expressions 
of Caspase-3, Bax, and Bcl-2 by the gastric mucosa in stress-
induced gastric mucosal damage
Compared with the Normal group, the expression of Bax and 
Caspase-3 was higher in the RWI group, but that of Bcl-2 was 
lower (Figure 5; P<0.05).  The increased expression of Bax and 
Caspase-3 and the decreased expression of Bcl-2 were also 
observed in the muscimol group, but at levels that differed 
from those in the RWI group (P<0.05).

Effect of muscimol microinjection into the FN on the MDA 
content and SOD activity in stress-induced gastric mucosal 
damage
The MDA content of the gastric mucosa was higher in the RWI 
(7.31±0.60 nmol/mg) and Vehicle (6.72±0.65 nmol/mg) groups 
than that in the Normal group (4.69±0.30 nmol/mg).  The 
MDA content was markedly higher in the muscimol group 
(12.32±1.47 nmol/mg, P<0.05) than that in the Vehicle group 
(Figure 6A).  The SOD activity in the Normal group remained 
at a high level (98.33±6.35 U/mg).  In contrast, it was lower, 
64.17±8.41 U/mg, in the RWI group and the Vehicle group, 
60.50±8.98 U/mg.  Compared with the Vehicle group, the 
SOD activity in the muscimol group was significantly lower 
(24.83±5.46 U/mg, P<0.05) (Figure 6B).

Figure 3.  (A) Muscimol microinjection into FN on discharge frequency of 
GSN.  (B) Muscimol microinjection into FN on gastric mucosal blood flow.  
Normal: normal; RWI: restraint and water (21±1 °C)-immersion, only; 
Vehicle: microinjection of Vehicle into FN+RWI; Muscimol: muscimol was 
microinjected into the FN+RWI.  Mean±SEM.  n=6.  cP<0.01 vs Normal 
group.  eP<0.05 vs Vehicle group.
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Effect of muscimol microinjection into the FN on the gastric juice 
volume and acidity
As shown in Table 1, microinjection of muscimol resulted in 
a significantly higher gastric juice volume and acidity in the 
muscimol group than that in the Normal group.  The micro-
injection of muscimol into the FN possibly stimulates the gas-
tric acid secretory function, causing the intensifying effect on 
stress-induced gastric mucosal damage.

Discussion
The cerebellum is considered to be not only a traditional sub-
cortical somatic motor center but also an essential component 
in the central integration of visceral activities[28, 29].

In our previous study, we inferred that the FN neuron, not 
the crossing fiber, was involved in the regulation of stress-
induced gastric mucosal damage; however, the details of the 
underlying mechanisms were not clear.  In this study using 
the microinjection of muscimol into the FN, we sought to 

Figure 4.  (A and B) Muscimol microinjection into FN on proliferation of gastric mucosal cells on stress-induced gastric mucosal damage in rats.  The 
arrow areas are the positive cells.  (C and D) Muscimol microinjection into FN on apoptosis of gastric mucosal cells on stress-induced gastric mucosal 
damage in rats.  Normal: normal; RWI: restraint and water (21±1 °C)-immersion, only; Vehicle: microinjection of Vehicle into FN+RWI; Muscimol: 
microinjection of muscimol into FN+RWI.  Mean±SEM.  n= 6.  cP<0.01 vs Normal group.  fP<0.01 vs Vehicle group.

Figure 5.  Muscimol microinjection into FN on expressions of Bax, Bcl-2, and Caspase-3 of gastric mucosal cells on stress-induced gastric mucosal 
damage in rats.  (A) Bax/β-actin ratio; (B) Bcl-2/β-actin ratio; (C) Caspase-3/β-actin ratio.  Normal: normal; RWI: restraint and water (21±1 °C)-immersion, 
only; Vehicle: microinjection of Vehicle into FN+RWI; Muscimol: microinjection of muscimol into FN+RWI.  Mean±SEM.  n=6. bP<0.05 vs Normal group.  
eP<0.05 vs Vehicle group.
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reveal the association of the GABAA receptor in the FN with 
stress-induced gastric damage.  The microinjection of differ-
ent doses of muscimol into the FN exacerbated stress-induced 
gastric mucosal damage in a dose-dependent manner, whereas 
the microinjection of bicuculline, a GABAA receptor antago-
nist, attenuated this damage.  Therefore, we assume that the 
GABAA receptor is one of the vital components in the mecha-
nism by which the FN regulates stress-induced gastric dam-
age.

In the study of cerebellar-hypothalamic circuits, the exac-
erbating effect of muscimol microinjection was cancelled by 
pretreatment with electrical lesions of the DSCP or by chemi-
cal ablation of the LHA.  As reported in a previous study, elec-
trical stimulation of the LHA decreased the gastric mucosal 
blood flow and produced exacerbated gastric ischemia-reper-
fusion injuries[15].  Consequently, we inferred that this effect 
may be directly mediated by LHA outflow, through its regula-
tion of the gastric vasculature[30, 31].  In this study, the discharge 
frequency of the GSN increased and the gastric mucosal blood 
flow decreased after microinjection of muscimol into the FN.  
In summary, we presumed that the microinjection of musci-

Table 1.  Muscimol microinjection into FN on gastric juice volume and 
acidity in rats.  Mean±SEM.  bP<0.05 vs Normal group.

                                                               Normal (n=6)         Muscimol (n=6) 
 
 Volume (mL) 1.87±0.23 3.77±0.37b

 Acidity (10-5 mol/mL) 4.51±0.31 7.82±1.03b

mol into the FN increased the discharge of the GSN mediated 
by the LHA, resulting in gastric vasoconstriction of the sub-
mucosa and mucosa and a decrease in the mucosal blood flow, 
thereby exacerbating the stress-induced gastric mucosal dam-
age.

Stress-induced gastric mucosal damage is a complex patho-
logical process.  Maintaining a dynamic balance between the 
epithelial cellular proliferation and apoptosis (programmed 
cell death) is essential for maintaining gastric mucosal 
integrity[16, 32].  A wide range of studies have shown that stress-
induced gastric ulcerations are accompanied by alterations in 
Bcl-2 and Bax[33].  Caspase-3 has also been identified as a key 
mediator of the apoptosis of mammalian cells[34].

To clarify the cellular and molecular mechanism of the 
effects of muscimol microinjection into the FN on stress-
induced gastric damage, the expression of Bcl-2, Bax, and 
Caspase-3 proteins was assessed by Western blotting.  Prolif-
eration and apoptosis in the gastric mucosal epithelium were 
detected by performing SABC immunohistochemical staining 
and TUNEL staining, respectively.  The microinjection of mus-
cimol decreased the number of proliferative cells, increased 
the number of cells undergoing apoptosis, down-regulated 
Bcl-2 protein expression and up-regulated Bax and Caspase-3 
protein expression during stress-induced gastric damage in 
rats.  As a consequence, these results demonstrated that micro-
injection of muscimol into the FN effectively intensified stress-
induced gastric damage via the promotion of gastric mucosal 
cellular apoptosis and the inhibition of gastric mucosal cellular 
proliferation in rats.

The levels of MDA and SOD are considered to be standards 
for the evaluation of the oxidative/anti-oxidative status of the 
gastric mucosa of rats.  In this study, compared with the RWI 
group, the microinjection of muscimol decreased the SOD 
activity and increased the MDA content.  Thus, the microinjec-
tion of muscimol into the FN decreased the anti-oxidant levels 
of the gastric mucosa injury induced by RWI.

A vast amount of data has shown that gastric acidity is a 
key contributor to stress-induced gastric mucosal damage 
induced by RWI[35].  In a previous study[36], an altered ability 
of the hypothalamus was suggested to modulate gastric func-
tion, including the secretory and motor responses to stress.  
In agreement with that idea, we also detected alterations in 
gastric juice volume and acidity.  Our results revealed that 
microinjection of muscimol into the FN significantly increased 
the gastric juice volume and acidity.  We concluded that varia-
tion in the gastric gland secretory function is involved in the 
FN-mediated regulation of stress-induced gastric mucosal 
damage.

In conclusion, our study assessed the role of the FN in stress-
induced gastric damage at the tissue, cellular and molecular 
levels.  The study indicated that the cerebellar FN, an impor-
tant area of the CNS, participates in the development of stress-
induced gastric damage, through GABAergic neural pathways 
and the GABAA receptor.  Cerebellar-hypothalamic circuits, 
especially those involving the DCSP and the LHA, participate 
in the FN-mediated regulation of the stress-induced gastric 

Figure 6.  Muscimol microinjection into FN on MDA content and SOD 
activity on stress-induced gastric mucosal damage in rats.  (A) MDA 
contents; (B) SOD activity.  Normal: normal; RWI: restraint and water 
(21±1 °C)-immersion, only; Vehicle: microinjection of Vehicle into FN+RWI; 
Muscimol: microinjection of muscimol into FN+RWI.  Mean±SEM.  n=6.  
bP<0.05 vs Normal group.  eP<0.05 vs Vehicle group.
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mucosal damage.  The neuro-regulatory mechanism underly-
ing our observations could be that microinjection of muscimol 
into the FN neurons, via their cerebellar-hypothalamic projec-
tions, arouses the activity of the GSN, reduces gastric mucosal 
blood flow and, finally, exacerbates stress-induced gastric 
damage.  This stress-induced gastric damage is observed at 
the histological level, with muscimol injection leading to the 
inhibition of gastric mucosal cellular proliferation, the promo-
tion of cellular apoptosis, a decrease in the anti-oxidant levels 
and an increase in gastric juice volume and acidity.

We believe that this research provides novel insight into the 
characteristics of the cerebellum with respect to regulating 
gastrointestinal function and into potential methods for treat-
ing gastrointestinal diseases.
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