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Abstract

Aims.—The goal of this study was to determine whether aging effects the expression of V1a and 

V2 vasopressin receptors in the urinary bladder mucosa (UBM) and kidney.

Methods.—UBM and kidneys were obtained from young (3 months-of-age) and old (25–30 

months-of-age) female Fisher 344 rats. Tissue samples were analyzed by western blotting for V1a 

and V2 receptor expression, and rat plasma levels of vasopressin levels were measured by ELISA.

Results.—V1a and V2 receptors were detected in both the UBM and kidneys. Aging significantly 

(P<0.05) increased the expression of V2 receptors by 2.80 ± 0.52 and 6.52 ± 1.24 fold in the 

UBM and kidneys, respectively. Aging also increased V1a receptor expression in the kidneys (5.52 

± 1.05 fold; P<0.05), but not in the UBM. Because this is the first detection of V2 receptors 

in the mammalian bladder, we also probed human UBM for V2 receptors and observed high 

expression in human UBM. Unlike V1a and V2 receptors, aging had only a minor effect on plasma 

vasopressin levels (8% increase).

Conclusions.—V2 receptors are substantially increased in the aging UBM. This suggests that 

in the elderly the UBM is another site of V2 receptor-mediated free water reabsorption. The large 

age-related increase in the expression of V2 receptors in both the UBM and kidney may contribute 

to the effectiveness of desmopressin in age-related nocturia.

Keywords

Bladder mucosa; nocturia; aquaporins; older adults

Corresponding author: Lori A. Birder, University of Pittsburgh School of Medicine, A 1217 Scaife Hall, 3550 Terrace Street, 
Pittsburgh PA 15261 USA, Phone: (412) 383 7368.
Author Contributions Statement: LAB, AW-J and FAK were responsible for study conception and design; LAB, EKJ, AJW and 
RRD drafted and revised the article and provided final approval.

Institution where work was performed: University of Pittsburgh

HHS Public Access
Author manuscript
Neurourol Urodyn. Author manuscript; available in PMC 2023 January 13.

Published in final edited form as:
Neurourol Urodyn. 2019 January ; 38(1): 393–397. doi:10.1002/nau.23830.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

The urinary bladder mucosa (UBM), which lines the inner surface of the renal pelvis, ureters 

and bladder, forms a high-resistance barrier and functions as an integral part of a ‘sensory 

web’ which receives, amplifies and transmits information about its external milieu.1–5 

There is increasing evidence that the UBM plays an active role in both solute and fluid 

reabsorption and is able to modify urine composition.5–10 While the underlying biochemical 

mechanisms have yet to be clarified, it is known that the UBM expresses a variety 

of receptors and channels including several types of aquaporin water channels and the 

renal epithelial sodium channel (ENaC), both of which play important roles in vasopressin-

mediated water homeostasis in the kidney.1,4,11–15 An open question, however, is whether 

the mammalian UBM also expresses vasopressin receptors and whether expression of 

vasopressin receptors in the UBM is modified by aging. Accordingly the overall aim of 

this study was to examine the expression of vasopressin V1a and V2 receptors in the UBM, 

and for comparison the kidney, in both young and old rats. Here we report for the first time 

that the UBM indeed expresses both V1a and V2 receptors and that aging causes a profound 

increase in V2 receptor expression in both the UBM and kidney and substantially augments 

V1a receptor expression in the kidneys. As such, these findings may demonstrate that the 

UBM is possibly an active participant in modifying water homeostasis.

Materials and Methods

Animal Tissue.

Animal experiments were performed under the approval of the Animal Care and Use 

Committee of the University of Pittsburgh. Urinary bladders or kidneys were excised from 

Fisher F344 young adult rats (3 months-of-age; Envigo, East Millstone, NJ, n=8) or Fisher 

F344 aged rats (25–30 months-of-age; obtained from the National Institute on Aging, n=8) 

and sacrificed by CO2 inhalation.

Human Mucosal Bladder Tissue.

Samples were obtained from de-identified control subjects and study procedures were 

approved by the University of Pittsburgh Institutional Review Board.

Western Blotting for V1a and V2 Receptors.

Urinary mucosa was dissected form rat bladders and homogenized using Lysing Matrix 

D in a FastPrep 24 instrument (MP Biomedicals, Solon, OH) in HBSS (5 mM KCl, 0.3 

mM KH2PO4, 138 mM NaCl, 4 mM NaHO3, 0.3 mM Na2HCO3, 0.3 mM Na2HPO4, 5.6 

mM glucose and 10 mM HEPES, pH 7.4) containing protease and phosphatase inhibitors. 

We also homogenized whole rat kidney using the same procedure. After centrifugation 

(13,000 rpm; 15 min at 4ºC), the membrane protein fraction was prepared by suspending the 

membrane pellets in lysis buffer containing protease and phosphatase inhibitors. The protein 

concentrations of the samples were determined using the Pierce BCA protein assay (Thermo 

Scientific, Rockford, IL). After denaturation (100ºC for 5 min) lysate from each sample was 

separated on a 4–15% TGX Stain-Free SDS-PAGE gel (Bio-Rad Laboratories, Hercules, 

CA). As a loading control, total protein per sample was determined using Bio-Rad Stain 
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Free SDS-PAGE gel technology. UV-activated protein fluorescence was imaged (ChemiDoc 

MP, Bio-Rad). Proteins were transferred to polyvinylidene fluoride membranes, incubated 

in 5% (w/v) dried milk dissolved in TBS-T and incubated overnight at 4ºC with primary 

antibodies to either V1a or V2 receptors. The V1a-receptor antibody was purchased from 

Alpha Diagnostics (San Antonio, TX; catalog number AVP1A11-A). The antigen used 

to generate this antibody was a 19 amino acid peptide that matches the corresponding 

sequence in the extracellular N-terminus of the rat V1a-receptor and has no significant 

similarity with V1b or V2 receptors. The V2-receptor antibody was also purchased from 

Alpha Diagnostics (catalog number AVPV21-A). The antigen used to generate this antibody 

was a 21 amino acid peptide that matches the corresponding sequence in the intracellular 

C-terminus of the rat V2-receptor and has no significant similarity with V1a or V1b receptors. 

The membranes were incubated with secondary antibody (donkey anti-rabbit HRP; GE 

Amersham, Pittsburgh, PA) for 1 hour and incubated in WesternBright Sirius (Advansta, 

Menlo Park, CA) and then imaged. For quantification, the optical density of each protein 

species was determined and normalized to total protein using Image Lab software (Bio-

Rad). Both receptors were detected in both unmodified (50kDa) and glycosylated (65kDa) 

forms.

Primary bladder urothelial cell lysates:

Bladder urothelial cells (UTC) were prepared as previously described.16 The bladder was 

removed and placed in cold minimal essential medium (MEM; Invitrogen, Carlsbad, CA) 

supplemented with HEPES. The bladder was cut open to expose the urothelium, and 

incubated in dispase (2.5 mg/ml; Worthington Biochemical, Lakewood, NJ) overnight at 

4°C. UTCs were gently scraped from the underlying tissue, placed in trypsin (0.25% 

wt/vol; Sigma) and dissociated by trituration. Single cell suspensions were washed in 

HBSS, pelleted, and proteins extracted in lysis buffer containing protease and phosphatase 

inhibitors.

Statistical Analysis:

Data were analyzed in GraphPad Prism 6 (GraphPad, La Jolla, CA) using Student’s t-test 

and one-way ANOVA followed by appropriate post-hoc tests. P<0.05 was considered 

significant. Results are expressed as means ± SEM.

Results

V1a And V2 Receptors Are Expressed In Bladder Mucosa And Increase With Age.

Western immunoblotting revealed that the rat UBM expressed both V1a and V2 receptors 

(Figure 1). Although age did not significantly affect V1a expression (Figure 1), V2-receptor 

expression was increased by 2.80 ± 0.52 fold (P<0.05; Student’s t-test) in UBM obtained 

from old versus young rats (Figure 1). Both V1a and V2 receptors were also detected in 

the kidney (Figure 1), and were more highly expressed in UBM from old versus young rats 

(Figure 1). In this regard, in the aged kidney V1a receptors were increased by 5.52 ± 1.05 

fold and V2 receptors were increased by 6.52 ± 1.24 fold increase (P<0.05 for both receptor 

subtypes; Student’s t-test). As a comparison, we also found that human UBM expressed both 

V1a and V2 receptors (Figure 1). In order to definitively show that vasopressin receptors are 
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expressed within the urothelium, we also performed western immunoblotting on urothelial 

cell lysates from rat bladders. Indeed, rat urothelial cells exhibited marked expression of V2 

receptors (Figure 1). Although detectable, the V1a receptor signal was modest (Figure 1).

Vasopressin Can Be Detected In Both Plasma As Well As Bladder Mucosa.

There was a tendency toward increased vasopressin levels in the mucosa of aged rats; 

however the changes did not reach significance (P>0.05; Student’s t-test). Vasopressin levels 

in aged rat plasma were slightly, yet significantly, elevated (1.08 ± 0.02-fold increase; 

P<0.05; student’s t-test) as compared to younger controls. Vasopressin was also detected in 

human UBM and urothelial cell lysates (data not shown).

Discussion

The UBM not only plays an active role in sensory functions but also may 

participate in transporting water and electrolytes between the bladder lumen and bladder 

interstitium.1,4,5,7–10,14 In this regard, the presence of aquaporin-2 water channels in the 

UBM suggests, but does not prove, that vasopressin can elicit trafficking of these channels 

to the cell surface to increase water transport via a mechanism similar to that in the kidney 

epithelium. However, this hypothesis would only be viable if V2 receptors are expressed in 

the urothelium. The present study provides the first evidence that the UBM indeed expresses 

V2 receptors and that the expression of V2 receptors in the UBM is much greater in aged 

animals. These findings support the hypothesis that the bladder per se may regulate water 

homeostasis, particularly during old age.

The fact that V2 receptor expression in the UBM and kidneys increases with age has at 

least two important clinical implications. The first implication relates to the management 

of nocturia. A high percentage of elderly patients are affected by lower urinary tract 

dysfunction that generates lower urinary tract symptoms including urinary frequency, 

urgency and voiding difficulties including nocturia.17–19 Nocturia is a bothersome urologic 

symptom that significantly impacts quality of life in older adults with limited treatment 

options. A novel formulation of desmopressin has been recently approved for the treatment 

of nocturia or excessive nighttime urine production.20,21 Inasmuch as desmopressin acts 

via stimulation of V2 receptors, the current findings suggest that desmopressin may be 

particularly effective in the elderly due to increased expression of its intended target, i.e., the 

V2 receptor.

The second clinical implication of the current findings also relates to the management of 

another common condition in the elderly, i.e., hyponatremia. Hyponatremia is a prevalent, 

serious, and costly medical condition in the elderly.22,23 Approximately 8% of people over 

55 years of age have hyponatremia, and by the age of 75 the prevalence increases to ~12%. 

The prevalence of hyponatremia is even greater in health care facilities, reaching 18% in the 

nursing home population and occurring in approximately 50% of hospitalized patients over 

the age of 65.24,25 Acute hyponatremia can be fatal; but of equal concern is the fact that 

chronic hyponatremia can result in gait deficits, cognitive impairment and loss of balance, 

thus predisposing the elderly to increased risk of falls leading to bone fractures. Indeed, 

hyponatremia is an independent risk factor for increased mortality in the elderly.23,26,27 The 
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high prevalence of hyponatremia in the elderly remains unexplained. The present findings 

that the UBM expresses V2 receptors and that the expression of V2 receptors in both 

the UBM and kidneys increases substantially with age may explain the high prevalence 

of hyponatremia in the elderly. This new understanding could pave the way to effective 

treatments for this burdensome disorder.

Conclusions.

In short, while our findings may not provide a definitive link, it is tempting to speculate 

that the UBM may be an additional site of action for vasopressin and desmopressin and 

may impact both fluid and solute composition in a number of clinical conditions including 

nocturia and hyponatremia. Additional studies are underway to examine these exciting 

possibilities.
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Figure 1. Representative immunoblots for V1a and V2 receptors.
Young versus aged rat UBM and young versus aged rat kidney representative blots are 

shown for V1a (top row) and V2 receptor (second row). Bottom row shows V1a and V2 

receptor expression in rat UTC lysates and human UBM. In all panels, the upper band is 

glycosylated and lower band is unmodified form.
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