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Expression of Nitric Oxide Synthase and Aquaporin-3 in 
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Purpose: The expression of Nitric oxide Synthase (NOS) and aquaporin (AQP) water channels in rat 
bladder is recently reported. The aim of this study is to evaluate the expression of inducible NOS 
(iNOS), aquaporin-3 (AQP-3) in cyclophosphamide (CYP) induced rat bladder.
Materials and Methods: The 32 Sprague-Dawley rats were divided into cystitis group (n=20) and con-
trol group (n=12). In cystitis group, 100mg/kg CYP was injected every second day for 1 week whereas 
in control group, normal saline was injected. After extracting of the bladder and dividing dome, body 
and trigone of the bladder, independently H&E staining and immunohistochemical staining for iNOS 
and AQP-3 were performed. Expressions of iNOS and AQP-3 were analyzed with a confocal laser scan-
ning microscope and an image analyzer. 
Results: The expression of iNOS significantly increased in the mucosa, submucosa layer of dome in cys-
titis group (p<0.05). The expression of AQP-3 significantly increased in the mucosa, submucosa, vessel 
layer of dome in cystitis group (p<0.05).
Conclusions: These results suggest that inflammatory change activates NOS and AQP-3 expression in 
the bladder tissue of rats. These may imply that NOS and AQP-3 have a pathophyiological role in the 
cyclophophamide induced interstitial cystitis. Further study on the NOS and AQP-3 in bladder is need-
ed for clinical application.
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Introduction

  Interstitial cystitis is chronic disease of unknown 
etiology characterized by vague bladder pain and 
nonspecific urinary symptoms such as urgency 
and frequency. Its prevalence has significantly in-
creased [1], but many studies for it have used an-
imals because of limitations in clinical research. As 
of today, bladder inflammation, urethra in-

flammation, stimuli in lower urinary tract, me-
chanical bulge within uterus or vagina, or urethra 
obstruction have been presented as the animal 
models of interstitial cystitis or overactive bladder 
syndrome and detrusor overactivity [2,3]. The ex-
periment model using cyclophosphamide (CYP) 
has some strength: inflammation is limited to 
bladder; inflammation can occur within several 
hours after agent administration; and types of 
pain and voiding symptoms are similar to those 
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of human because CYP also causes cystitis for hu-
man [4,5]. Many researches on NOS in terms of 
bladder and urethra tissue have focused on the 
induction of relaxation of smooth muscles, or in 
particular, reduction in urethral pressure in uri-
nation, and NOS is also known to be an im-
portant substance related to penile erection [6-8].
  Auaporin (AQP), a passage channel of water, is 
related to quick water movement through cell mem-
brane, and 13 kinds including AQP 0, AQP 1, and 
to AQP 12 had been known as of today. There is 
AQP 1-4 in kidney, and recently AQP 6-8 and AQP 
11 are known to be expressed; as for bladder, AQP 
1-3 is known to be expressed [9,10]. However, it is 
still controversial on the expression and roles of 
NOS and AQP in changes within bladder tissue by 
interstitial cystitis. In this context, we studied 
changes in expression of iNOS and AQP-3 within 
bladder tissue of rats with interstitial cystitis in-
duced by CYP to identify the pathophysiology of 
interstitial cystitis. The experimental procedures 
were performed in accordance with the animal care 
guidelines of the National Institutes of Health (NIH) 
and the Korean Academy of Medical Sciences.

Materials and Methods

  Experiment animal
  The experiment animals of this study were 
Sprague-Dawley female white rats (200-250g, 
Daehan Biolink Co. Ltd), and they were raised by 
two in a cage covered with sawdust. Water and 
feed were presented for free eating, the temper-
ature was controlled to be 22℃, and the illumina-
tion was changed at an interval of twelve hours. 
The rats were randomly divided into two groups: 
the control group (n=12), the cystitis-induced 
group (n=20).

  Induction of interstitial cystitis 
  The rats of the cystitis group were intra-
peritoneally injected of 100 mg/kg of CYP by us-
ing of syringe (26gauge, 1cc) once per two days 
for three sessions to maintain the intraperitoneal 
pain and inflammation, and those of thecontrol 
group were injected of normal saline instead of 
CYP with the same method and at the same day. 

  Histologic examination
  After the experiment, in order to observe histo-
logic findings of cystitis by CYP, we made paraf-
fin blocks, conducted H&E staining, and com-
pared findings of interstitial edema, deposition of 
fibrin, thickness of urothelium, desquamation, and 
interstitial hemorrhage. 

  Immunohistochemical staining
  Operation was performed at the seventh day 
after the initial administration of CYP. We con-
ducted vertical incision to expose the bladder, 
which was excised at the bladder neck. Then, the 
removed bladder was divided into three parts- 
dome, body, and trigone-to be fixed by 10% of 
neutral formalin, to be washed by flowing water 
to remove fixative, and to be dehydrated. After 
clearing, the blocks were paraffin-embedded, and 
the tissue blocks were adhered to sections, which 
was made to slide glasses coated by silane with 4
μm of thickness. For deparaffiinization and hydra-
tion, the blocks were reacted to Xylene I and II 
for 10 minutes and 100%, 95%, 90%, 80%, and 
70% of alcohol in order for five minutes, were 
washed by distilled water for five minutes, and 
washed by 0.01M PBS (pH 7.4) three times for 10 
minutes. In order to expose antigens, the blocks 
were dip into 1X sodium citrate buffer solution to 
be pretreated by microwave oven for four mi-
nutes and then were washed by 0.01M PBS (pH 
7.4) three times for 10 minutes. For removing 
non-specific reactions, the blocks were treated by 
10% normal donkey serum at 37℃ for one hour. 
Then, they were reacted to anti-iNOS mouse 
monoclonal antibody (1:200, Santa Cruz 
Biotechnology Inc., Santa Cruz, USA) and an-
ti-Aquaporin-3 rabbit polyclonal antibody (1:200, 
Santa Cruz Biotechnology Inc., Santa Cruz, USA) 
as primary antibodies at 4℃ for overnight, and 
were washed by 0.01M PBS (pH 7.4)three times 
for 10 minutes. Donkey anti-mouse IgG FITC 
(1:100, Santa Cruz Biotechnology Inc., Santa Cruz, 
USA), Donkey anti-rabbit IgG Texas Red (1:100, 
Santa Cruz Biotechnology Inc., Santa Cruz, USA), 
and DAPI (4'6-Diamidino-2-phenyindole, dilactate, 
1:400, Sigma, St. Louis, USA) were used as secon-
dary antibodies, and iNOS and aquaporin-3 were 
stained on one same slide. The slides were wash-
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Figure 1. Histological findings (Hematoxylin and Eosin staining) of the normal and cyclophophamide induces cystitis 
bladders. (A) Histologic findings of the normal bladder (x40). (B) Histologic findings of the normal bladder (x100). (C) 
Interstitial edema and hemorrhage in the cyclophosphamide-induced cystitis bladder (x40). (D) Magnified findings of 
focal hemorrhage (x100). (F) Magnified findings of focal hemorrhage (x200).

ed by 0.01M PBT containing 0.1% Triton X-100 
(Sigma-Aldrich Corp., St. Louis, USA)twice for 30 
minutes, and washed by PBS fifteen times for 20 
minutes. The slides after the staining were mount-
ed by mounting media (Dako, Carpinteria, USA). 

  Image analysis and statistical process
  The intensity of iNOS and AQP-3 staining was 
estimated by using confocal microscope and image 
analyzer (Zeiss LSM 5.0, Jena, Germany) in terms 
of expression of fluorescence. We observed at 
least five parts of each tissue, and as for staining 
intensity between each tissue, it was considered 
significant difference when p value was less than 
0.05 by using parametric test (Independent T-test). 
The SPSS for Window (version 12.0, SPSS Inc., 
Chicago, USA) was used for statistical analysis.

Results

  Results of histological evaluation 
  When the bladder tissues were stained by 
H&E, interstitial edema, hemorrhage, increase in 
tissue thickness, and infiltration of inflammatory 
cells were found on all the three parts (dome, 
body, and trigone) administrated by CYP, but 
they were not found on those of the control 

group administered of normal saline (fig. 1).

  Results of immunohistochemical staining
  As for iNOS expression in the bladder mucosa, 
there was no significant difference on the body 
and trigone parts of the bladders but significant 
increase was observed in the dome parts, when 
compared to those of the control group. Also, the 
expression was significantly increased on the sub-
mucosal layer tissues and vessels (p<0.05) (fig. 
2A, D, fig. 3A).
  The expression of AQP-3 was similar to that of 
iNOS. When compared to the control group, the ex-
pression of AQP-3 failed to show significant differ-
ence on the body and the trigone parts but was sig-
nificantly increased on the dome parts (p<0.05) (fig. 
2B, E, fig. 3B). The expression of AQP-3 and iNOS 
was increased in the mucosal, submucosal layer with 
almost similar distribution (fig. 2C, F).

Discussion

In interstitial cystitis, damage of the protective 
bladder lining leads to impaired urothelial barrier 
function. Consequently, urinary solutes penetrate 
the epithelium and activate sensory nerve end-
ings, leading to pain and inflammation [1]. 
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Figure 2. Expressions of inducible nitric oxide synthase (iNOS, green) and aquaporin-3 (AQP-3, red) (x400). Merged im-
ages of iNOS and AQP-3 (C, F). The expressions of iNOS and AQP-3 in cystitis group showed significantly stronger 
immunoreactivity in mucosa and submucosal layer than control group. A-C; Cystitis group, D-F; Control group.
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Figure 3. Optical density of inducible nitric oxide synthase (iNOS) and aquaporin-3 (AQP-3) between cystitis group and 
control group. Bars are mean±SE. White bars are control group, Black bars are interstitial cystitis group. A: iNOS, B: 
AQP-3, m: mucosa, sm: submucosa, M: muscle, *: p<0.05 vs. control group.

Interstitial cystitis involves primarily changes in 
urothelial permeability, along with mast cell acti-
vation and neurogenic inflammation [11], but the 
underlying pathophysiology of interstitial cystitis 
is incompletely understood. This indefiniteness 
gives difficulties in developing animal models, 
and until recently bladder inflammation, urethra 

inflammation, stimuli in lower urinary tract, me-
chanical bulge within uterus or vagina have been 
presented as animal models of cystitis with pain 
and inflammation. However such models have 
problems, including errors in experiment because 
of sufficient stress caused by intense labor that 
experimenters give to models and such pain or 
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inflammation can be specific for organ [12]. CYP 
is known to be the cause for hemorrhagic cystitis 
characteristic of plasma extravasation, vessel dila-
tation and edema within bladder, leukocyte in-
filtration, and urothelium damage [13,14]. It is 
converted to acrolein in kidney to be accumu-
lated in bladder, and the consistent stimulus by 
acrolein within bladder by urine causes painful 
cystitis, and such inflammatory reaction causes 
overactive bladder because expression of receptors 
in capsaicin sensitive afferent nerves is increased 
by increase in activity of iNOS and nerve growth 
factors by action of acrolein as CYP metabolite or 
direct action of CYP [15,16].
  This experiment model is significant in that the 
inflammation is limited to bladder, inflammation 
occurs within several hours after agent admin-
istration, and detrusor overactivity occurs only by 
intraperitoneal injection without operation or in-
tubation [5]. In this study, CYP caused manual 
and histological inflammation in bladder effec-
tively and quickly, and cystitis by CYP causes 
changes in neurochemical, electrophysiological, 
and voiding reflex composition [17] to induce 
chronic pathologic status. These changes trans-
form courses of sensory nerves and reduce pain 
threshold to cause abnormal pain or hyperalgesia. 
In this study, as observed by Boucher et al. [18], 
rats administered of CYP showed characteristic 
changes in actions such as eye closing, piloer-
ection, and reduction in respiratory rate, or 
hump-backed posture, indicating CYP induces 
pain in internal organs. Therefore, intraperitoneal 
injection of CYP can serve as interstitial cystitis 
model without difficulty and the findings can be 
shown from movement of animal during 
experiment.
  NO is a kind of endothelial derived relaxation 
factor, first reported by Furchgott and Zawadzki 
in 1980 [19]. It is known to have three in vivo 
types, with extremely short half-life (about 20 mi-
nutes). It is generated by transformation of guani-
dine nitrogen of L-arginine by nitric oxide syn-
thase (NOS), playing various roles in vessels, im-
mune system, and nervous system. NOS is div-
ided into constitutive NOS (cNOS) and inducible 
NOS (iNOS), and cNOS is divided into endothe-
lial NOS (eNOS) acting on vessels and neuronal 

NOS (nNOS) that is considered a main trans-
mitter in nerves [6]. The type I, or nNOS, is 
found mainly in brain, spinal cord, and periph-
eral nervous system, considered a neuro-
transmitter in nonadrenergic noncholinergic 
(NANC) nervous system of nervous cells to relax 
smooth muscles. The type III, or eNOS, is found 
mainly in endothelial cells of vessels, considered 
to relax vessel smooth muscles, to extend vessels, 
and to inhibit agglutination of platelets and 
leukocytes. The type II, or iNOS, is secreted from 
activated macrophagocytes, and is known to be 
promoted of the secretion by inflammatory re-
action or stress [20]. There are many studies of 
NO in penile erection or proximal urethra but its 
role in bladder has not been clearly established. 
According to report by Huang et al. [21], it is re-
garded to maintain tone of local vessels or to in-
volve in muscle relaxation, growth regulation of 
epithelial tissue, and control of synthesis & secre-
tion of extracellular matrix protein in normal 
bladder. As for stomach, NO is reported to pro-
tect gastric cells by stimulating mucin secretion, 
and, by similar mechanism, it is regarded to in-
hibit cell damage by urine by making transitional 
epithelium of bladder secrete glycoprotein [22,23]. 
Also, in animal experiment models, eNOS and 
nNOS are increased with increase in iNOS in the 
group of chronic renal occlusion, and this in-
crease is reported to cause vessel extension of 
muscle layers and inhibition of fibrosis and, as 
for bladder, is known to induce inflammatory re-
action by increasing synthesis of cGMP by stim-
ulating nerves of bladder basal layers [24].
  Austin et al. [25] reported that they confirmed 
the activity of iNOS and collagen type III related 
to tissue fibrosis and inflammatory reaction was 
increased when inflammation in smooth muscle 
cells of human bladder caused by bacterial lip-
opolysaccharide and inflammatory cytokine and 
that aminoganidine as iNOS inhibitor reduced in-
flammatory reaction in bladder. Jezernik et al. 
[26] reported that there was significant correlation 
between activity of iNOS and apoptosis and pro-
liferation of urothelial cells in the rat urothelium 
induced by CYP, but its detailed mechanism has 
not been clearly established. Logadottir et al. [27] 
reported that, as for NOS activity of 17 patients 
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with interstitial cystitis, NO was increased in the 
patients showing severe abnormality and infiltra-
tion of inflammatory cells in bladder epithelial 
cells in histological examination and it was sig-
nificantly increased at the earlier stage of inter-
stitial cystitis. Hosseini et al. [28] reported that, 
when 15 patients with classic interstitial cystitis 
were treated by prednisolone for 8 weeks to be 
observed of NO, it expressed degrees of disease 
inflammation and served as a objective reaction 
factor for treatment. In this study, we divided 
the bladder of rats with interstitial cystitis into 
three (dome, body, and trigone)for comparison; 
activity of iNOS was higher in all the three parts 
of the cystitis group and in particular, the activity 
was statistically significantly higher in the mucosa 
and submucosa of the dome. This results may in-
dicate inflammation of the dome was more than 
that of the other parts, requiring further studies 
on the mechanism. 
  Aquaporin is cell membrane protein through 
which water pass selectively. Since AQP-1 has 
first found in human erythrocytes by Denker et 
al. [29] in 1988, various subtypes have been 
found in several organs such as collection duct in 
kidney, epithelial cells in gallbladder, pneumo-
nocytes, and bronchus, known to play an im-
portant role in water movement through cells. 
Most of them were studied in kidney and few 
studies have been conducted in bladder. Spector 
et al. [10] reported that AQP-2 and 3 were much 
expressed in urothelium cells in ureter and blad-
der of rats and AQP-1 localized only in endothe-
lial cells. Kim et al. [30] reported that AQP-1 ex-
pression was significantly increased in rat bladder 
with partial bladder outlet obstruction and that 
AQP-1 has a functional role in the detrusor in-
stability that occurs in association with bladder 
outlet obstruction. Krane et al. [9] reported 
AQP-2, 3 expression was increased in dehy-
dration on rat urothelium, and AQP-1 expression 
was decreased. In this study, AQP-3 was in-
creased at the interstitial cystitis model, and espe-
cially was significantly increased at the mucosa, 
submucosa, and vessel layers of the bladder 
dome part. Such increase in expression may be 
by increase in AQP-3 synthesis within cells by 
connection of vasopressin-its concentration is en-

hanced for compensation of increased water ex-
posure within bladder due to inflammatory re-
action-to the V2 receptors of granular cells in 
bladder. 
  In a study regarding all the subtypes of AQP 
13 in cultured normal human urothelium cells 
and human tissues of bladder and ureter, it is re-
ported that AQP 3, 4, 7, 9, and 11 were ex-
pressed but AQP 0, 1, 2, 5, 6, 8, 10, and 12 were 
not, and that they were different from the sub-
types expressed in rats [31]. From a functional 
perspective, the AQPs can be divided into two 
subfamilies: AQP 0, 1, 2, 4, 5, 6, and 8 move wa-
ter directly; AQP 3, 7, 9, and 10 as aqua-
glyceroporins move water with additional small 
neutrally charged solute such as glycerol, urea, 
and pyrimidines [32]. Human urothelium is 
known to channel complex with the two func-
tions and rat bladder can have similar physio-
logical function. In human urothelium, AQP-3 
among the various AQP subtypes is mostly ex-
pressed at the borders of intermediate cells and 
basal cells, and AQP-3 whose function is aqua-
glyceroporin is increased most maybe because 
bladder epithelial cells control components and 
osmolarity of urine [31]. In this study the in-
crease in AQP-3 may be regarded to compensa-
tion to response to osmolarity by urothelium cells 
on inflammatory reaction by interstitial cystitis. 
However, researches on bladder AQP have been 
insufficient and started recently. Further studies 
may clearly establish roles of AQP in bladder.

Conclusions

  The iNOS and AQP-3 expression was increased 
on the dome part within the bladder tissues of 
the interstitial cystitis models induced by CYP in 
white rats. In particular, iNOS expression was in-
creased on the mucosa and submucosal layer of 
the bladder dome and AQP-3 expression was in-
creased on the mucosa, submucosal layer, and 
vessels. Researches on AQP-3 in bladder are still 
insufficient and require further study, which may 
support the underlying pathophysiology and de-
velopment of treatment of interstitial cystitis.
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