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Abstract
AIM: To investigate the dynamic functional and 
ultrastructural changes of gastric parietal cells induced 
by water immersion-restraint stress (WRS) in rats.
 
METHODS: WRS model of Sprague-Dawley (SD) rats 
was established. Fifty-six male SD rats were randomly 
divided into control group, stress group and post-stress 
group. The stress group was divided into 1, 2 and 4 h 
stress subgroups. The post-stress group was divided 
into 24, 48 and 72 h subgroups. The pH value of gastric 
juice, ulcer index (UI) of gastric mucosa and H+, K+-
ATPase activity of gastric parietal cells were measured. 
Ultrastructural change of parietal cells was observed 
under transmission electron microscope (TEM).

RESULTS: The pH value of gastric juice decreased 
time-dependently in stress group and increased in post-
stress group. The H+, K+-ATPase activity of gastric 
parietal cells and the UI of gastric mucosa increased 
time-dependently in stress group and decreased in post-
stress group. Compared to control group, the pH value 
decreased remarkably (P = 0.0001), the UI and H+, K+-
ATPase activity increased significantly (P = 0.0001, P =  
0.0174) in 4 h stress subgroup. UI was positively related 
with stress time (r = 0.9876, P < 0.01) but negatively 
with pH value (r =  -0.8724, P < 0.05). The parietal cells 
became active in stress group, especially in 4 h stress 
subgroup, in which plenty of intracellular canalicular and 
mitochondria were observed under TEM. In post-stress 

group, the parietal cells recovered to resting state. 

CONCOUSION: The acid secretion of parietal cells is 
consistent with their ultrastructural changes during the 
development and healing of stress ulcer induced by WRS 
and the degree of gastric mucosal lesions, suggesting 
gastric acid play an important role in the development 
of stress ulcer and is closely related with the recovery of 
gastric mucosal lesions induced by WRS. 

© 2006 The WJG Press. All rights reserved.

Key words: Stress u lcer; Gastr ic par ieta l ce l l s ;  
Ultrastructure; H+, K+-ATPase activity; Sprague-Dawley rat

Li YM, Lu GM, Zou XP,  Li ZS, Peng GY, Fang DC. Dynamic 
functional and ultrastructural changes of gastric parietal 
cells induced by water immersion-restraint stress in rats. 
World J Gastroenterol 2006; 12(21): 3368-3372

 http://www.wjgnet.com/1007-9327/12/3368.asp

INTRODUCTION
Stress ulcer is a common complication of  severe brain 
trauma and psychosis in clinical practice. Critically ill 
patients are at increased risk of  developing stress-related 
gastric mucosal lesions and gastrointestinal bleeding[1,2]. But 
the pathogenesis of  stress-related gastric mucosal lesions is 
not fully elucidated. The development and healing of  stress 
ulceration are a complex process affected by many factors. 
It had been shown that gastric acid plays an important role 
in the development of  stress-induced ulcer and is the most 
common endogenous destructive factor[3-5].
    It is reported that water immersion-restraint stress 
(WRS) may lead to changes of  gastric acid secretion. Some 
studies indicate that WRS increases acid secretion[6,7], while 
other studies showed that gastric acid secretion decrease 
during WRS[8,9]. Gastric acid secretion is intimately related 
with the ultrastructure of  parietal cells, but the dynamic 
ultrastructure change of  parietal cells during WRS has not 
been reported yet. 
    Moreover, changes of  parietal cells ultrastructure 
and gastric acid secretion during the healing of  stress-
induced ulceration are poorly understood so far. The 
purpose of  the present study was to investigate the 
dynamic ultrastructural and functional of  gastric parietal 
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cells induced by WRS in order to demonstrate the role of  
gastric acid in the development of  stress ulcer and in the 
healing of  gastric mucosal lesions.

MATERIALS AND METHODS
Animals and water immersion-restraint stress model
Fifty-six male SD rats, weighing 180-220 g were purchased 
from Xipuer-Bikai Experimental Animal Co. LTD, Shang-
hai, China. The animals were fasted for 24 h with free ac-
cess to water and deprived of  water 1 h before the experi-
ment. Animals were randomly divided into control group (n 
= 8), stress group (n = 24) and post-stress group (n = 24), 
and exposed to various periods of  stress and immersed in 
19 ± 1℃ water as previously described[10]. Rat in control 
group were sacrified after lightly anesthetized with ether. 
Rats in stress group were killed after 1, 2 and 4 h of  WRS 
respectively. Rats in post-stress group were killed after 24, 
48 and 72 h of  WRS respectively[11].

Measurement of gastric juice pH
All rats were anesthetized with pentobarbital sodium (30 
mg/kg ip). A midline laparotomy was performed and the 
stomach was exposed. The pylorus and cardia were ligated, 
and the pH electrode of  pH/mV meter (59 002-00, Cole-
Parmer Instrument Company, USA) was inserted into 
stomach lumen to measure the pH value of  gastric juice[12]. 

Evaluation of gastric mucosal ulcer index (UI)
The ulcer index (UI) of  gastric mucosal lesions was evalu-
ated by the score system reported by Nie SN et al[13]. 
Briefly, after measurement of  the pH value of  gastric juice, 
the stomach was opened along the greater curvature and 
rinsed with 0.1 mol/L ice-cold phosphate-buffered saline 
(PBS). The stomach was then examined with a 10 × mag-
nifier to observe erosions and make scores as 1-5: 1: small 
round hemorrhagic erosion, 2: hemorrhagic erosion ＜ 1 
mm, Grade 3: hemorrhagic erosion = 1-2 mm, 4: hemor-
rhagic erosion = 2-3 mm, 5: hemorrhagic erosion ＞ 4 
mm. The score was multiplied by 2 when the width of  ero-
sion was larger than 1 mm.

H+, K+-ATPase assay
The oxyntic mucosa was scraped with glass slides, im-
mediately frozen in liquid nitrogen and stored at -80 ℃ 
for H+, K+-ATPase assay, at which time they were thawed 
at 4℃. Microsomal gastric H+, K+-ATPase was prepared 
after homogenization of  gastric mucosa and sucrose-Ficoll 
gradient centrifugation[14,15]. H+, K+-ATPase was assessed 
with a kit ( Nanjing Jiancheng Biotechnology Company), 
and protein was quantified using a UV/spectrophotometer 
(PE)[16]. The gastric mucosal H+, K+-ATPase activity was 
expressed as µmol Pi/mg protein/h (U/mg prot).

Electron microscopy
Tissue specimens of  the oxyntic mucosa for electron mi-
croscopy, were immediately fixed in a solution containing 
1% glutaraldehyde and 3% formaldehyde buffered at pH 
7.4 with 0.1 mol/L sodium PBS for 2 h at 4℃. Secondary 
fixation was carried out in 1% osmium tetroxide solution 

buffered at pH 7.4 with 0.1 mol/L sodium phosphate buf-
fer for 1 h at 4℃. The specimens were then dehydrated 
in graded acetone solutions and embedded in epoxy resin 
(Epon 812). Ultrathin sections (60-80 nm) were made 
for double staining with aqueous uranyl acetate and lead 
citrate, and observed under transmission electron micro-
scope[17]. Parietal cells were recognized by the presence of  
secretory canaliculi and/or tubulovesicles. Secreting pari-
etal cells were defined as cells having secretory canaliculi. 
Non-secreting cells had tubulovesicles but no secretory 
canaliculi[18].

Statistical analysis
All data were expressed as mean ± SD. The statistical dif-
ferences between different groups were analyzed by Stu-
dent’s t-test. The relationship between two variants was 
analyzed by linearly relevant analysis. P < 0.05 was consid-
ered significant. 

RESULTS
Change of gastric juice pH value
The pH value of  gastric juice was 2.56 ± 0.14 in normal 
group and gradually declined after 1, 2 and 4 h of  WRS in 
rats (2.26 ± 0.04, 1.81 ± 0.25 and 1.31 ± 0.24, respectively) 
(Figure 1). The pH value was significantly lower (2.0-fold) 
in stress 4 h group than that in normal group (P < 0.001). 
The pH values of  gastric juice after 24, 48, 72 h of  WRS 
in post-stress groups was significantly higher (1.9-fold, 
1.8-fold and 1.8-fold, respectively) than that in stress group 
(P < 0.001), but there was no statistical significance com-
pared to normal group (P > 0.05, Figure 1). These data 
demonstrated that the pH value of  gastric juice decreased 
time-dependently in stress group and increased in post-
stress group.

Change of gastric mucosal ulcer index (UI)
There was no gastric mucosal lesion in normal group. Scat-
tered spot or lineal erosions, hemorrhage and ulcers were 
observed in oxyntic mucosa in stress group. The gastric 
mucosal UI gradually increased after 1, 2 and 4 h of  WRS 
in rats (9.5 ± 2.98, 22.5 ± 3.16 and 35.0 ± 3.93) (Figure 2).
The UI decreased significantly (2.0-fold and 4.7-fold) after 
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Figure 1  pH value of gastric juice in all groups. bP < 0.01 vs normal group; dP < 0.01 
vs stress 4 h group.
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24 and 48 h of  WRS in post-stress group compared to 
that in stress group (P < 0.001). No lesion occurred in the 
oxyntic mucosa of  rats 72 h after WRS (Figure 2). These 
data demonstrated that the UI of  gastric mucosa increased 
time-dependently in stress group and decreased in post-
stress group. UI was positively related with stress time 
(r = 0.9876, P < 0.01) but negatively with pH value (r = 
-0.8724, P < 0.05).

H+, K+-ATPase activity
The H+, K+-ATPase activity of  gastric parietal cells was 
7.48 ± 0.59 U/mg prot in normal group and gradually in-
creased after 1, 2 and 4 h of  WRS in rats (7.72 ± 0.41, 8.28 
± 0.52 and 9.50 ± 1.63 U/mg prot, respectively) (Figure 
3). The H+, K+-ATPase activity was significantly higher 
(1.1-fold and 1.3-fold) in stress group than in normal 
group (P < 0.05). The H+, K+-ATPase activity decreased in 
post-stress group, but there was no statistical significance 
(P > 0.05). The H+, K+-ATPase activity was significantly 

lower (1.3-fold, respectively) after 48 and 72 h of  WRS in 
post stress group than in stress group (P < 0.05, Figure 3). 
These data demonstrated that the H+, K+-ATPase activ-
ity of  gastric parietal cells increased time-dependently in 
stress group and decreased in post-stress group. 

Ultrastructural change of parietal cells 
As shown in Figure 4A, gastric parietal cells in normal 
group presented resting state, a large number of  tubuloves-
icles and few intracellular canaliculi lined with rare micro-
villi could be found in cytoplasm. As shown in Figure 4B, 
parietal cells in 1 h WRS subgroup presented pre-secreting 
state, intracellular canaliculi lined with short microvilli were 
observed, and plenty of  vesicles in the cytoplasm were 
located around the canaliculi and accumulated on the api-
cal plasma membrane, and the secretory surface was more 
elaborate than that of  the non-secreting cells. As shown in 
Figure 4C, parietal cells in 2 h WRS subgroup presented 
secreting state, where decreased vesicles and increased 
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Figure 2  Ulcer index (UI) of gastric mucosa in all groups. bP < 0.01 vs normal group; dP 
< 0.01 vs stress 4 h group.
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Figure 3  H+, K+-ATPase activity of parietal cells in all groups. aP < 0.05 vs 
normal group; cP < 0.05 vs  stress 4 h group.
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Figure 4  Ultrastructural change of parietal 
cells. A: Gastric parietal cells presented 
resting state, abundant tubulovesicles and 
few intracellular canaliculi lined with rare 
microvilli could be found in the cytoplasm 
in normal group (×12 000); B: Parietal cells 
presented pre-secreting state, intracellular 
canaliculi lined with short microvilli were 
observed, plenty of vesicles were located 
around the canaliculi and accumulated on 
the apical plasma membrane in 1 h WRS 
group (×12 000); C: Parietal cells presented 
secreting state with decreased vesicles and 
increased intracellular canaliculi lined with 
elongated microvilli in 2 h WRS group; D: 
Parietal cells presented active secreting 
state and cytoplasm was almost devoid of 
vesicles and intracellular canalicular lumen 
contained numerous elongated microvilli 
in 4 h WRS group (×12 000); E - G: at 24, 
48 and 72 h at the end of WRS for 4 h, 
Parietal cells returned to resting state with 
abundant tubulovesicles and few canaliculi 
in cytoplasm in post-stress group swollen 
mitochondria, vacuolar degeneration, 
crista-fragmentation, concentrated karyotin, 
roughness of nuclear envelopes and 
dilated perinuclear space were observed ( 
×15 000).



intracellular canaliculi lined with elongated microvilli were 
observed. The remaining vesicles were in the region adja-
cent to the surface and frequently fused with the plasma 
membrane. In addition, there were abundant mitochondria 
in the cytoplasm. As shown in Figure 4D, parietal cells in 
4 h WRS subgroup presented active secreting state. The 
cytoplasm was almost devoid of  vesicles, whereas the 
intracellular canalicular lumen contained numerous elon-
gated microvilli. The cytoplasm in these secreting cells was 
extremely dense owing to the close packing of  mitochon-
dria. As shown in Figure 4E-G, in 24, 48 and 72 h WRS 
subgroups, the parietal cells returned to resting state, abun-
dant tubulovesicles and few canaliculi were observed in the 
cytoplasm in post-stress group after 24, 48 and 72 h WRS. 
Besides, Swollen mitochondria, vacuolar degeneration and 
crista-fragmentation were observed in some parietal cells. 
Concentrated karyotin, roughness of  nuclear envelopes 
and dilated perinuclear space were observed in other cells, 
which might be due to the damaged parietal cells induced 
by stress.

DISCUSSION
Stress ulcers are the superficial mucosal lesions located 
predominantly in fundus of  the stomach. They occur 
mainly in severe trauma and sepsis as well as in acute se-
vere psychological stress. It has become apparent that the 
physiological stress of  critical illness increases the risk of  
developing stress-related mucosal injury and gastrointes-
tinal bleeding. The pathogenesis of  stress ulcers is not 
completely understood. however, recent studies indicate 
that the origin may be multifactorial, and there is an imbal-
ance between protective and destructive factors[19-21]. Major 
destructive factors include acid, pepsin, bile, reperfusion 
injury and free oxygen radicals[22-24]. Protective factors in-
clude adequate mucosal blood flow, mucus-bicarbonate 
layer, epithelial cell renewal and prostaglandins[25-27]. It is 
generally agreed that mucosal ischemia is the major inciting 
event in the pathogenesis of  acute stress ulceration of  the 
stomach and that the presence of  luminal acid and pepsin 
is required in the development of  overt ulceration[28]. Back-
diffusion of  acid occurs in the absence of  overt disruption 
of  the mucosal barrier, and is closely related to the forma-
tion of  ulcers. 
    In this study, we found that gastric mucosal lesions 
gradually aggravated after 1, 2 and 4 h of  WRS in rats. 
Gastric mucosa lesions progressed to apparent erosions 
and hemorrhage in 4 h WRS group. There positive 
relevance between the ulcer index UI was significantly 
related with the exposure time to WRS. We also found 
that gastric juice pH value decreased and H+, K+-ATPase 
activity of  parietal cells gradually increased after 1, 2 
and 4 h of  WRS, indicating that gastric acid secretion 
increases with the exposure time to WRS. The pH value 
was significantly lower (2.0-fold) and the H+, K+-ATPase 
activity was significantly higher (1.3-fold) in stress group 
than in normal group. UI was negatively related with pH 
value. These results strongly suggest that gastric acid can 
mediate acute gastric mucosal lesions induced by WRS.
    The present study assessed the dynamic ultrastructural 
change of  gastric parietal cells in rats induced by WRS. 

Gastric parietal cells also known as oxyntic cells, have 
two systems in the cytoplasm under transmission electron 
microscope: intracellular secretory canaliculus system and 
tubulovesicular system[29]. In normal group, abundant 
tubulovesicles and few intracellular canaliculi lined with 
rare microvilli were found in cytoplasm and the gastric 
parietal cells presented resting state. Tubulovesicles 
gradually decreased while intracellular canaliculi lined 
with elongated microvill i gradually increased after 
exposed to WRS for 1, 2 and 4 h. In 4 h WRS group, 
parietal cell cytoplasm was almost devoid of  vesicles and 
the intracellular canalicular lumen contained numerous 
elongated microvilli . Our observation showed that 
parietal cells presented a series of  states from resting, pre-
secreting, secreting to active secreting after 0, 1, 2 and 4 
h of  WRS. Our study also showed that gastric mucosal 
lesions induced by WRS paralleled to time-course changes 
of  ultrastructure of  gastric parietal cells. These results 
indicate that WRS can time-dependently activate parietal 
cells and induce gastric acid secretion. 
    The mechanism of  the recovery of  gastric mucosa 
after stress is not fully understood. the healing of  stress 
ulcer is a very complex process affected by multi-factors. 
It has been reported that the mucosal integrity and repair 
involved enhancement of  gastric mucosal blood flow and 
increased mucosal cell proliferation mediated by epidermal 
growth factor (EGF) and transforming growth factor 
alpha (TGFα)[30,31]. The importance of  gastric acid in the 
process of  restructuring gastric mucosa after WRS has 
not yet been evaluated. In present study, we found that the 
injured gastric mucosa was gradually restructured after the 
stress was removed and no lesion was observed after 72 
h at the end of  WRS for 4 h. We also found the pH value 
increased significantly at 24, 48 and 72 h of  WRS. These 
results strongly demonstrate that the decrease of  gastric 
acid is beneficial for restructuring injured gastric mucosa. 
    In the present study, we found that the parietal cells 
returned to resting state while swollen mitochondria, 
vacuolar degeneration, crista-fragmentation, concentrated 
karyotin, roughness of  nuclear envelopes and dilated 
perinuclear space were observed after 24, 48 and 72 h of  
WRS, suggesting that damaged parietal cells induced by 
WRS. 
    The major founding of  our s tudy i s that the 
ultrastructural changes of  parietal cells is consisitent with 
the change of  H+, K+-ATPase activity in the development 
and healing of  stress ulceration induced by WRS. 
Moreover, the recovery of  ultrastructural and functional 
changes of  parietal cells was earlier than the restructuring 
of  damaged gastric mucosa after WRS, suggesting that 
the ultrastructural and functional changes of  parietal cells 
may be an important pathophysiologic mechanism in 
restructuring stress ulceration.
    In conclusion, ultrastructural and functional changes of  
gastric parietal cells are induced by WRS in rats. Increased 
gastric acid secretion induced by WRS is consistent 
with the ultrastructural changes of  parietal cells and is 
significantly correlated with the degree of  gastric mucosa 
lesions. Gastric acid not only plays an important role in the 
development of  stress ulcer, but also is closely related to 
the recovery of  gastric mucosal lesions induced by WRS. 
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