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ABSTRACT 
  

 Secretin (SCT) exists in the hypothalamo-neurohypophysis axis of the rat. 

Secretin receptor null mice show altered glomerular and renal tubular morphology along 

with mild polydipsia and polyuria. We hypothesize SCT may play a role in the 

physiology of water regulation in the rat. Water deprivation (WD) and bile duct ligation 

(BDL) models were used. Rats were WD for 48 h and rehydrated with either water 

(RH+W) or 0.9% NaCl (RH+S) for 2 h before sacrifice. Sham and BDL rats were 

sacrificed 4 weeks after surgery. The presence of SCT and arginine-vasopressin (AVP) in 

the pituitary; secretin receptor (SCTR), vasopressin receptor 2 (AVP2R), and aquaporin-2 

water channel (AQP-2) in the kidney were analyzed using the Western blot technique. 

Plasma SCT concentrations were measured by enzyme immunoassay (EIA) analysis. Our 

results show that there is no change in pituitary SCT content in WD rats when compared 

to controls or in the BDL model. There is also no change in AVP content in either model. 

No change occurred in plasma SCT concentration for either model. AVP2R and SCTR 

(at 50kDa) are significantly decreased in the BDL group compared to sham (P<0.015; 

P<0.004 respectively). Abundance of glycosylated and non-glycosylated AQP-2 are 

increased significantly for RH+W and RH+S compared to control (P<0.002; P<0.015 

respectively), but neither showed a difference between sham and BDL groups.  We 

confirm the presence of SCT in the neurohypophysis, but do not support the hypothesis 

that SCT acts independently of AVP to regulate water absorption in response to 

homeostatic challenges or disease models with increased AVP. We also show decreased 

abundance of the SCTR in the kidney of a model of dilutional hyponatremia in the rat. 
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INTRODUCTION 

 Secretin (SCT) is known as a gastrointestinal hormone, which regulates pancreas 

secretion of bicarbonate and potassium ions (9, 17). SCT has been shown to be present 

throughout the hypothalamus, and recent studies indicate that in the rat it may be released 

from the posterior pituitary in response to plasma hyperosmolality (12, 13). 

Immunohistochemical staining reveals that SCT and its receptor are present in the 

magnocellular neurons of the paraventricular nucleus (PVN) and supraoptic nucleus 

(SON), which project to the posterior pituitary (13). The SCT precursor gene is expressed 

in the brain as well as in the kidney at levels comparable to that of the small intestine 

(32). Abnormal secretion of SCT from the brain suggests that it has a functional role in 

some areas of the brain (12). It has been proposed that SCT release from the 

neurohypophysis may act on the kidney in a manner similar to arginine-vasopressin 

(AVP) to promote water reabsorption (Diagram 1) (8, 11). 

 The secretin receptor (SCTR) has been detected in the glomerulus and collecting 

duct in the developing kidney (35). Mutations of the SCTR gene have been shown to lead 

to mild polydipsia and polyuria (11). These are common symptoms associated with 

nephrogenic diabetes insipidus that lead to hyperosmolality. Secretin receptor null mice 

had altered glomerular and renal tubular morphology, suggesting possible disturbances in 

the filtration and/or water reabsorption process (11). 

 Aquaporins, which are expressed in many different tissues, play a role in 

movement of water across membranes, and are essential for regulating body water 

homeostasis. The kidney is the main organ responsible for this regulation, and at least 

seven different aquaporins are expressed at specific sites in the kidney (30, 31). 
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Aquaporin 2 (AQP-2) is exclusively expressed in the principal cells of the connecting 

tubule and collecting duct and is the predominant AVP -regulated water channel, which is 

responsible for regulating the concentration of urine (11, 18, 28, 30, 31). The initial 

response of renal epithelial cells to activation of vasopressin receptor 2 (AVP2R) by AVP 

is an increase in cAMP, which regulates trafficking of AQP-2 from intracellular vesicles 

to the apical membrane of the principal cell (21, 25, 31). Insertion of AQP-2 into the 

apical membrane leads to water absorption in the collecting duct. It has been shown that 

the SCTR increases adenylate cyclase activity in the heart and kidney, and thus could 

trigger a mechanism similar to AVP (3, 8, 10, 34). In addition, a reduction in renal 

expression of AQP-2 and AQP-4 has been observed in secretin receptor null mice (11). 

 The syndrome of inappropriate antidiuretic hormone hypersecretion (SIADH) is 

indicated by 1) hypotonic hyponatremia, 2) urine less than maximally dilute despite 

plasma hypo-osmolality, 3) increased natriuresis, 4) absence of edema or volume 

depletion, and 5) normal renal and adrenal function (1). While the most common cause of 

SIADH is a AVP-secreting tumor, water retention related to disregulation of AVP release 

is associated with heart and liver failure. In each of these conditions, plasma 

concentrations of AVP are continually elevated despite hypo-osmolality (19). Type D 

SIADH is characterized as normal AVP release and response, but abnormal renal 

expression and translocation of AQP-2 (2, 12). It is possible that in these patients 

increased plasma SCT could be causing water retention independently of AVP. 

 However, other studies seem to suggest that the role of SCT in the regulation of 

water homeostasis may be species specific. Men who were injected with SCT (1unit/kg 

diluted in 10ml saline) saw a three to fourfold increase in urinary volume and sodium 
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excretion within the first 30 min after injection. There was a significant rise in urinary pH 

accompanied by an increase in bicarbonate excretion (39). A second study demonstrated 

that injected SCT (2CU/kg body weight per h in saline) in men significantly increased 

urinary water, sodium, and calcium while decreasing free water clearance. It is suggested 

that the diuretic effect of SCT may impair sodium reabsorption in the renal tubule by an 

increase in renal plasma flow (RPF), which may be a secondary effect to direct 

vasodilation of the renal arterioles (40). 

 In the present studies, we investigated the regulation of SCT in the rat. In some 

experiments, 48 hours of water deprivation (WD) was used as a systemic progressive 

homeostatic challenge to physiologically stimulate activation of water retention 

mechanisms (14). We tested the effects of WD alone or followed by 2 hours access to 

water (RH+W) or saline (RH+S) (rehydration) on SCT content of the pituitary, SCT 

release into the plasma, and SCTR regulation in the kidney. In addition, we used an 

animal model of liver failure that produces dilutional hyponatremia to further investigate 

the role of SCT in body fluid regulation. Bile duct ligation (BDL) is associated with 

portal hypertension and systemic hypotension, which is perceived as hypovolemia. AVP 

is activated by the renin-angiotensin system in response to hypotension despite the hypo-

osmotic plasma. This leads to hypervolemia and dilutional hyponatremia (4, 5, 20, 23).  

In addition, AVP was measured in the pituitary AVP2R and AQP-2 were measured in the 

kidney. 

 

 

 



 6 

MATERIALS AND METHODS 

Animals 

 Adult male Sprague-Dawley rats (300-400 g body wt) were individually housed 

and maintained in a temperature-controlled environment on a 12:12 light-dark cycle. The 

rats had ad libitum access to food, water and 0.9% NaCl before the experiments. All 

experimental protocols were approved by the Institutional Animal Care and Use 

Committee in accordance with the guidelines of the US Public Health Service, and 

American Physiological Society. 

 

Water Deprivation 

 All rats had ad libitum access to food throughout the experiments, except during 

the 2 h during rehydration before sacrifice. The WD controls were allowed ad libitum 

access to water throughout the experiment. One group of rats were water deprived for 48 

h. Two additional groups were water deprived for 48 h and given water or 0.9% NaCl for 

2 h before sacrifice (15). The rats were anesthetized with thiobutabarbital (Inactin; 

100mg/kg ip) and immediately decapitated. Trunk blood was rapidly collected into 

chilled centrifuge tubes containing EDTA. A separate sample was collected into a 1.5-ml 

microcentrifuge tube that did not contain EDTA. Two hematocrit tubes (Fisher) were 

filled from the microcentrifuge tube for measurement of hematocrit. The remainder of the 

blood in the microcentrifuge tube was centrifuged for 5 min (at 10,000 rpm). After the 

blood was centrifuged, a 200-µl sample of plasma was removed for plasma osmolality 

measurement using a vapor pressure osmometer (Wescor). The blood collected in tubes 

containing EDTA was centrifuged at 5,000 rpm for 20 min at 4°C. Plasma was removed 
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from the tube, placed into a vial, and kept in an ultracold (-80°C) freezer until it was 

needed for EIA analysis.  

 

Bile Duct Ligation 

 BDL and sham ligation were performed as previously described (7). The rats were 

anesthetized with isofluorane (2%). The abdomen was shaved and cleaned. A midline 

abdominal incision was made and the common bile duct was cut between two ligatures. 

Any rat showing morbidity or ascites greater than 10% body weight was euthanized. Rats 

were given food and water ad libitum for 4 weeks after surgery until sacrifice. Sham rats 

received the same surgical procedure except the bile duct was not ligated or cut. BDL rats 

and sham ligated controls were anesthetized with thiobutabarbital (Inactin: 100mg/kg jp) 

and immediately decapitated. Blood and tissue samples were collected as described 

above. 

 

Western Blot Analysis 

 Following decapitation, the pituitary was collected, manually homogenized, and 

sonicated in 0.01g/ml of lysis buffer (0.1% Igepal) supplemented with protease inhibitor 

for extraction. After Bradford method for protein concentration, total lysate concentration 

was normalized for all samples and loaded into a 4-20% acrylamide gradient SDS gel 

(Biorad), electrophoresed in Tris-glycine buffer under denaturing conditions and 

transferred to a nitrocellulose membrane (Biorad), under semi-dry conditions, in Tris-

glycine buffer with 20% methanol. After blocking in TBS-Tween 5% non-fat milk, the 

membranes were incubated over night with primary antibodies against SCT (1:1000; 
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Millipore), AVP (1:1000; Millipore), and GAPDH (Millipore). After rinse, the 

membranes were incubated with HRP conjugated respective secondary antibody 

(1:10,000; Sigma). 

 The kidney was collected, manually homogenized, and sonicated in 0.01g/ml of 

modified lysis buffer containing 1% Triton supplemented with protease inhibitors for 

extraction. After microplate assay (Biorad) method to determine protein concentration, 

total lysate concentration was normalized for all samples and loaded onto 4-20% 

acrylamide gradient SDS gel (Biorad), electrophoresed in Tris-glycine buffer under 

denaturing conditions and transferred to a nitrocellulose membrane (Biorad), under semi-

dry conditions, in Tris-glycine buffer with 20% methanol. After blocking in TBS-Tween 

5% non-fat milk, the membranes were incubated overnight with primary antibodies 

against SCTR (1:500; Abbiotec), AVP2R (1:500; Abcam), AQP-2 (1:500; Sigma), and 

GAPDH (Millipore). After rinse, the membranes were incubated with HRP conjugated 

respective secondary antibody (1:10,000; Sigma). The detection system is enhanced 

chemiluminescence (ECL reagents, Amersham) follow by one of two developing 

methods. The membrane was either exposed to radiographic film (Hyperfilm ECL, 

Amersham) or developed digitally using software from Syngene (G:Box, GeneSnap; 

Syngene). Densitometry of the bands of interest was performed by Image J, and GAPDH 

was used in normalizing each sample. 
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Secretin EIA Analysis 

 A commercially available enzyme-linked immune absorbance assay was used to 

measure plasma SCT (Phoenix Pharmaceutical). The plasma (1ml) was mixed with an 

equal amount of buffer A (TSA and water; Phoenix Pharmaceutical) and centrifuged at 

17,000xg for 20 minutes at 4°C for each sample. A SEP-Column (3cc; Waters Sep-Pak) 

containing 200mg of C18 was equilibrated by washing with buffer B (TSA, acetylnitrile, 

and water; Phoenix Pharmaceutical) (1ml, once) and then washed with buffer A (3ml, 3 

times). The plasma solution was loaded into the pre-equilibrated C-18 SEP-column. The 

column was slowly washed with buffer A (3ml, twice) and the wash discarded. The 

peptide was eluted slowly with buffer B (3ml, once) and collected into a polystyrene 

tube. The eluant was placed into a vacuum centrifuge to evaporate the eluant to dryness. 

1x assay buffer was used to reconstitute the dried extract (Phoenix Pharmaceutical). 

Extraction of Protein: 

 Fifty µl of standard, plasma, or positive control was added to each well along with 

25µl of primary antibody (anti-secretin) and 25µl of biotinylated peptide. The plate was 

incubated at room temperature (20-23°C) for 2 h. The immunoplate was washed 4 times 

with 350µl/well of 1x assay buffer. Then, 100µl of SA-HRP solution was added to each 

well. The plate was incubated at room temperature for 1 h. Following incubation, the 

immunoplate was washed 4 times with 350µl/well of 1x assay buffer. 100µl of TMB 

substrate solution was added to each well. The plate was incubated at room temperature 

for 1 h and 100µl of 2N HCl was added to each well to terminate the reaction (Phoenix 

Assay Procedure: 
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Pharmaceutical). Absorbance O.D. was read at 450nm (Biorad xMark Microplate 

Spectrophotometer). 

 

Statistics 

 Data are presented as group means ± one SEM. The data for the WD model was 

analyzed by one-way analysis of variance with Student Newman-Keuls t-test for post hoc 

analysis of significant main effects. The data for the BDL model was analyzed by t-test. 

If assumptions failed, nonparametric tests were performed (Sigma Plot 9.01; 2004). 

Significance was set at P<0.05. 

 
RESULTS 
 
Effects of dehydration on secretin 

 The results of fluid and weight measurements for the WD experiment are listed in 

Table 1. Analysis for body weight and plasma osmolality was performed using Kruskal-

Wallis ANOVA on Ranks. WD significantly decreased body weight when compared with 

control (P<0.05), but 2 h rehydration with either water or saline significantly increased 

body weight when compared with WD (P<0.05). There was no difference in body weight 

in either 2 h rehydration group when compared to control. Plasma osmolality 

measurements were not significantly different between control and WD groups, but 

RH+W was significantly decreased when compared to WD (P<0.05). Also, the average 

plasma osmolality of rats RH+S was significantly increased when compared to RH+W 

(P<0.05). Hematocrits of WD and RH+W rats were significantly increased when 

compared to control (P<0.001). The hematocrits of RH+W rats were significantly 

increased compared to WD (P<0.001), while hematocrits of RH+S rats were significantly 
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decreased compared to WD (P<0.001). RH+W hematocrit was statistically different from 

RH+S (P<0.003). During the 2 h rehydration period, the rats given access to water drank 

an average of 27 ± 1.83 ml and the rats given access to saline drank 35 ± 2.52ml. This 

difference was statistically significant (P<0.02). 

 Pituitaries were subjected to Western blot analysis to evaluate the effects of WD, 

RH+W, and RH+S on SCT and AVP abundance. Kidneys were subjected to Western blot 

analysis to evaluate the effects, under the same conditions, on SCTR, AVP2R, and AQP-

2 content. Densitometric measurements of the immunoreactive bands were normalized 

using GAPDH. WD was not associated with significant changes in pituitary SCT content 

when compared to control (Figure 1). Access to water or saline significantly reduced the 

content of SCT below control levels (Figure 1). These results indicate that SCT was not 

affected by WD but was affected by rehydration. There were no significant changes in 

any of the groups when pituitary AVP was measured (Figure 2). 

 Plasma was subjected to an EIA assay to evaluate the effects of WD, RH+W, and 

RH+S on plasma SCT. The data were analyzed with the Kruskal-Wallis ANOVA on 

Ranks. Plasma SCT levels were not significantly different between any of the four groups 

(Figure 3).  

 Similar results were observed in the kidney. Two bands were observed in the 

Western blot analysis for the SCTR (Figure 4). The data sheet from Abbiotec stated that 

SCTR is found at 50kDa. Long et al. described SCTR to be around 64kDa (24). The 

SCTR 50kDa band was analyzed using the Kruskal-Wallis ANOVA on Ranks. Neither 

band showed significant differences among the groups. The two bands were added 

together in order to analyze the total SCTR abundance using the Kruskal-Wallis ANOVA 
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on Ranks. This showed a significant increase in content for the RH+W group compared 

to the control. There were no other differences (Figure 5). AVP2R content, analyzed 

using the Kruskal-Wallis ANOVA on Ranks, did not show a change (Figure 6) (37, 41). 

Both glycosylated and non-glycosylated content of AQP-2 were analyzed (22). No 

significant difference appeared between WD and control for either glycosylated or non-

glycosylated AQP-2, but both rehydration groups were different from control for 

glycosylated and non-glycosylated AQP-2 (Figure 7). This pattern continued when the 

two bands were added together in order to analyze the total AQP-2 abundance (Figure 8).   

 

Hepatic cirrhosis and secretin 

 BDL was performed to determine if SCT would function similarly to AVP in a 

different model of osmotic challenge. The results of fluid and weight measurements for 

BDL rats and sham-operated controls are listed in Table 2. The liver/body ratio for BDL 

rats was significantly increased when compared to sham (P<0.001). However, there were 

no significant differences between sham and BDL rats concerning body weight, 

osmolality, and hematocrit. This suggests that BDL was associated with liver damage but 

not significant water retention in this group of rats. 

The pituitaries and kidneys were subjected to Western blot analysis, as previously 

described, for the same hormones, receptors, and channel. SCT content in the pituitary of 

BDL rats showed no significant difference to that of sham rats (Figure 9). These results 

further suggest that SCT may not have contributed to water retention in BDL rats. AVP 

in this model was analyzed using the Mann-Whitney Rank Sum test. AVP content in the 

pituitary showed no difference between BDL and sham groups (Figure 10). The SCTR 
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content at 64kDa displayed no difference between sham and BDL groups, but bands at 

50kDa showed a significant decrease of SCTR abundance in the kidneys of BDL rats 

compared to sham operated controls (Figure 11 and 12). Both bands were added together 

and the total SCTR content for the BDL was significantly decreased when compared to 

sham (Figure 13) when using the Mann-Whitney Rank Sum Test. AVP2R abundance 

also showed a significant decrease associated with BDL compared to sham (Figure 14). 

The renal content of non-glycosylated AQP-2 in this model was analyzed using the 

Mann-Whitney Rank Sum test. AQP-2 abundance in the kidney was not different 

between sham and BDL groups for either glycosylated or non-glycosylated bands (Figure 

15). Total AQP-2 abundance showed no difference between the groups as well (Figure 

16). 

 Also, preliminary data suggest that there were no changes in circulating plasma 

SCT concentrations in the BDL group when compared to sham operated controls (Figure 

17). 

 
DISCUSSION 
 
 It is well known that AVP is the primary hormone involved in water retention. 

AVP release is regulated by blood osmolality and may be altered by changes in blood 

volume (14). AVP, which is synthesized in the SON and PVN, stored and released by the 

posterior pituitary, can act on the renal AVP2R. This receptor is present in principal cells 

of the kidney, and when stimulated activates the upregulation and insertion of AQP-2 

water channels into the apical membranes of the collecting tubule principal cells via 

cAMP (27, 38). Our results show that there is no change in pituitary AVP during 

dehydration. AVP2R expression in the kidney did not change for WD or rehydration 
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groups. This measurement is not specific to active AVP2R in the basolateral membrane 

of the collecting duct since the whole kidney was homogenized for the Western blot 

analysis and AVP2R is also present in the distal convoluted tubule. It could be possible 

that AVP2R in the membrane, vesicles, or in the middle of synthesis were all combined 

in this analysis. This may also be true for the AQP-2 water channels. AQP-2 can be found 

the apical plasma membrane and apical vesicles of the collecting duct as well as in the 

connecting tubule (31). Our data shows two distinct bands for AQP-2 corresponding to 

non-glycosylated and glycosylated AQP-2 (22). In both cases AQP-2 content was not 

affected by WD but significantly increased following 2 h rehydration with either water or 

saline. This was also the case when both bands were combined to analyze total AQP-2 

abundance. 

 Previous work in the rat has indicated that SCT may play a role in the 

hypothalamo-neurohypophyseal axis and renal system in order to regulate water 

homeostasis. In the rat, the SCT precursor gene has been shown to be present in the brain 

and kidneys as well as other tissues (32). During plasma hyperosmolality in rats, SCT 

was released from the posterior pituitary and SCT plasma levels were elevated (12). 

Transcripts from SCTR were found in the glomerulus and collecting duct in the 

developing kidney from mice embryos (35). Secretin receptor-null mice were 

accompanied by altered glomerular and renal tubular morphology along with mild 

polydipsia and polyuria, suggesting SCT plays a significant role in renal function (11). 

 However, results from other studies suggest that the role of SCT in the regulation 

of water homeostasis may be species specific. SCT has been shown to regulate water 

transportation in rat cholangiocytes via aquaporin 1 water channels (26) and may, 
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through another system, regulate AQP-2 water channels. In contrast to that observed in 

rats and mice, injection of SCT into men showed an opposite effect on the renal system, 

resulting in increased urinary volume, and sodium excretion (39, 40). These results 

suggest in humans SCT has a diuretic effect in contrast to the antidiuretic effects 

observed in the mouse. 

 In order to better understand the possible role of SCT in water homeostasis in the 

rat, we examined the effects of 48 h WD and 2 h rehydration of either water or saline on 

the abundance of SCT in the pituitary and plasma. Our results indicate that WD is not 

associated with changes in SCT pituitary content, although rehydration with either water 

or saline did significantly decrease pituitary SCT. Plasma SCT levels were unchanged for 

all four groups suggesting that if SCT is released from the posterior pituitary, it may not 

contribute significantly to plasma SCT concentrations. SCT released from the 

gastrointestinal tract may have a primary influence on plasma concentration.  

SCTR abundance in the kidney was analyzed and two distinct bands were found. 

One band corresponded with the Abbiotec anti-SCTR antibody data sheet, which stated a 

weight of 50kDa. The other band corresponded with Long et al. who published a weight 

of 64kDa (24). It is quite possible that the band at 64kDa may be glycosylated while the 

band at 50kDa is non-glycosylated, but we are unable to confirm this at this time. Our 

results show no change in SCTR content (for either band) between any groups. However, 

when both bands are analyzed together for total SCTR content RH+W is significantly 

increased when compared to control. It does not appear that SCT plays a AVP-like role 

during WD. 
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 In order to determine if SCT could contribute to dilutional hyponatremia in a 

manner similar to AVP, the BDL model of cirrhosis was performed in the rat (4). BDL 

induces liver cirrhosis, which leads to portal hypertension and systemic hypotension. This 

functional change in blood volume has been proposed to cause an increase in circulating 

AVP, elevated cardiac output, and increased splanchnic arterial vasodilation. AVP binds 

to AVP2R in the collecting duct of the kidney, increasing water absorption, and leads to 

the development of dilutional hyponatremia (6, 16). Data from Table 2 reveals that the 

BDL group does in fact have liver damage as shown by the significant increase of the 

liver/body weight ratio for BDL compared to sham. However, it has not reached the point 

to cause significant water retention since there was no change in osmolality and 

hematocrit. Therefore, we failed to observe a significant change in AVP stored in the 

pituitary. Our samples were analyzed 4 weeks after surgery, which may not have allowed 

appropriate time to activate the renin-angiotensin system (RAS) although we did observe 

these changes at 4 weeks in previous work with this model (7). The results show no 

change in SCT content in the pituitary four weeks after BDL surgery. In addition, 

preliminary data measuring plasma SCT concentration in sham and BDL rats suggest 

there is no change as well. This would suggest that even though there is liver damage, it 

was not associated with significant changes in SCT. 

 AQP-2 in the kidneys showed a decreased expression as cirrhosis progresses. In 

addition, the receptors become desensitized to AVP by increased cAMP 

phosphodiesterase activity (5). It is also plausible that the AVP2R no longer responds to 

the excess of AVP, a mechanism aimed at avoiding dilution hyponatremia. AQP-2 

content, in both non-glycosylated and glycosylated forms, showed no change between 
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sham and BDL groups, nor was there a change in total AQP-2 content. Our results did 

show that AVP2R content in the kidney is significantly decreased following BDL 

(Diagram 2). This offers another possible explanation for the lack of water retention in 

BDL rats in the present study. 

 Similarly, the 50kDa form of the SCTR is significantly decreased in BDL rats 

when compared to sham operated controls. Interestingly, the abundance of the 64kDa 

form of SCTR shows no change. Together the total SCTR content for BDL was 

significantly decreased when compared to sham. This result was mainly due to a decrease 

in the 50kDa form. The SCTR has been shown to be glycosylated, which would account 

for the difference in molecular weights and possibly why the abundance of these two 

forms of the receptor could be differentially regulated. Glycosylation of the SCTR is 

essential for its function in humans. Mutations at two glycosylation positions have been 

shown to affect the function of the receptor by changing its structure. Glycosylation of 

this receptor is required to maintain a high affinity binding state (33). It may also be 

possible that, during the early stages of cirrhosis, the liver sends a signal that influences 

the mechanism that decreases synthesis or increases degradation of SCTR in the kidney 

that does not influence its glycosylation. This would explain why there is no change in 

the higher molecular weight form of SCTR while the total amount of SCTR is decreased 

in BDL. If the BDL was allowed to continue, the amount of SCTR might have decreased 

even further. This could result in a decrease in glycosylated SCTR since the overall 

amount of SCTR has decreased to the point where the availability of the SCTR becomes 

the rate-limiting step for glycosylation. The two different bands may represent two 

different SCTR subtypes that may be from a single gene product (Diagram 2). 
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Posttranslational processing of the SCTR has been shown to alter patterns of SCT 

binding and activation. There are two molecular forms of SCT: fully processed SCT and 

its immediate precursor, secretin-Gly. It is plausible that different SCTR subtypes exist in 

order to select between SCT and secretin-Gly (36). Liver damage may send a signal to 

decrease the amount of one receptor subtype (50kDa) while leaving the other subtype 

(64kDa) unchanged.  

 Type D SIADH shows all the same signs and symptoms as SIADH, but the key 

difference is that plasma AVP is normal (2, 12, 29), thus, leading many to believe that 

another hormone may have the same effects on the renal system as does AVP. We can 

confirm the presence of SCT in the neurohypophysis. Our study, however, does not 

support the hypothesis that neurohypophysial SCT is regulated by WD or BDL in the rat. 

If SCT does influence renal function in the rat, it does not play a role similar to that 

reported in the mouse or may not be related to neurohypophyseal secretin. We can also 

conclude that liver damage affects the amount of SCTR in the kidney of the rat. 

However, these effects are specific to a 50kDa form of the receptor. These changes in 

renal SCTR content could alter function associated with hepatic cirrhosis. Further 

examination is needed to understand the mechanism. 
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Table 1: Fluid and body weight measurements amongst dehydration groups. 

Group Body Weight (g) Osmolality (mOsm/kg) Hematocrit (%) 
Control 342 ± 8.27 (11) 302 ± 2.4 (10) 46 ± 0.39 (9) 
48hWD 300 ± 4.85 (13) a 315 ± 6.7 (8) 54 ± 0.62 (10) a 
2h Rehydrated-Water 345 ± 15.7 (8) b 285 ± 2.25 (6) b 50 ± 1.06 (8) a,b 
2h Rehydrated-Saline 331 ± 5.19 (9) b 307 ± 1.9 (9) c 47 ± 0.32 (9) b,c 
 

Data are mean ± SEM. a significantly different from control; b significantly different from 

48hWD, c significantly different from 2h Rehydrated-Water.  

 



 20 

Table 2: Fluid and weight measurements amongst BDL groups. 
 
Group Body Weight (g) Osmolality 

(mOsm/kg) 
Hematocrit 
(%) 

Liver/Body Ratio 

Sham 456.7 ± 23.8 (9) 308 ± 3.52 (9) 48 ± 1.54 (9) 0.039 ± 0.002 (9) 
BDL 411 ± 15.9 (11) 306 ± 3.49 (11) 47 ± 1.17 (11) 0.079±0.003 (11) * 
 
Data are mean ± SEM. * significantly different from sham. 
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Figure 11 

Secretin Receptor Abundance at 64KDa in Kidney of BDL Rat
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Figure 12 

Secretin Receptor Abundance at 50KDa in Kidney of BDL Rat
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Figure 14 

Vasopressin Receptor 2 Abundance in Kidney of BDL Rat
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Figure 15 

AQP2 Abundance in Kidney of BDL Rat
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Figure Legend: 
 
 

Diagram 1: Diagram 1 illustrates the physiology of water balance regulation. Increased 

plasma osmolality or decreased blood volume signals the brain and the pituitary to 

release vasopressin (AVP) and possibly secretin (SCT). AVP and SCT bind to their 

receptors, the vasopressin type-2 receptor (AVP2R) and secretin receptor (SCTR) 

respectively, in the kidney causing a rise in cAMP. Aquaporin 2 (AQP-2) channels 

undergo translocation from intracellular vesicles (IV) to the plasma membrane (PM) and 

allow for water retention. Water retention decreases osmolality and increases blood 

volume, which inhibits stimuli for AVP and SCT release from the pituitary. 

 

Figure 1: Secretin (SCT) in the pituitary following 48hWD and 2h rehydration. Digital 

images of representative western blot analysis for SCT and GAPDH from pituitary of 

control (CT), 48hWD rats (WD), and rats given access to either water (RH+W) or saline 

(RH+S) for 2h after WD. Graph summarizes the densitometric analysis of SCT in the 

same groups. Bands of interest were quantified by densitometry using Image J, and 

respective values were normalized by GAPDH. * Statistically significant, P<0.05. The 

number in parentheses indicates the number of animals in the respective group. 

 

Figure 2: Arginine vasopressin (AVP) in the pituitary following 48hWD and 2h 

rehydration. Digital images of representative western blot analysis for AVP and GAPDH 

from pituitary of control (CT), 48hWD rats (WD), and rats given access to either water 

(RH+W) or saline (RH+S) for 2h after WD. Graph represents densitometric analysis of 
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AVP in control, 48hWD rats, and rats given access to water or saline for 2h after WD. 

Bands of interest were quantified by densitometry using Image J, and respective values 

were normalized by GAPDH. The number in parentheses indicates the number of animals 

in the respective group. 

 

Figure 3: SCT in the plasma following 48hWD and 2h rehydration. Graph represents the 

average plasma secretin concentration from controls (CT), 48hWD rats (WD), and rats 

given access to either water (RH+W) or saline (RH+S) for 2h after WD. The number in 

parentheses indicates the number of animals in the respective group. 

 

Figure 4: Western blot analysis of secretin receptor (SCTR) in the kidney following 

48hWD and 2h rehydration. Digital images of representative western blot analysis for 

SCTR at 64 and 50 kDa and GAPDH from kidney controls (CT), 48hWD rats (WD), and 

rats given access to either water (RH+W) or saline (RH+S) for 2h after WD. Graph 

represents densitometric analysis of the 64kDa band (black bars) and the 50kDa band 

(grey bars) of SCTR in the same groups. Bands of interest were quantified by 

densitometry using Image J, and respective values were normalized by GAPDH. The 

number in parentheses indicates the number of animals in the respective group. 

 

Figure 5: Densitometric analysis of the total Secretin Receptor (SCTR) in the kidney 

following 48hWD and 2h rehydration. Total SCTR was determined by adding the 50kDa 

and 64kDa bands (Figure 4) together. Bands of interest were quantified by densitometry 

using Image J, and respective values were normalized by GAPDH. * Statistically 
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significant, P<0.032. The number in parentheses indicates the number of animals in the 

respective group. 

 

Figure 6: Vasopressin 2 Receptor (AVP2R) in the kidney following 48hWD and 2h 

rehydration. Digital images of representative western blot analysis for AVP2R and 

GAPDH from kidney of controls (CT), 48hWD rats (WD), and rats given access to either 

water (RH+W) or saline (RH+S) for 2h after WD.  Graph summarizes the densitometric 

analysis of AVP2R in the same groups. Bands of interest were quantified by densitometry 

using Image J, and respective values were normalized by GAPDH. The number in 

parentheses indicates the number of animals in the respective group. 

 

Figure 7: Western blot analysis of Aquaporin 2 water channel (AQP2) in the kidney 

following 48hWD and 2h rehydration.  Digital images of a representative western blot for 

glycoslyated AQP2 (black bars), non-glycoslyated AQP2 (grey bars), and GAPDH from 

kidney of controls (CT), 48hWD rats (WD), and rats given access to either water 

(RH+W) or saline (RH+S) for 2h after WD. Graph summarizes the separate 

densitometric analysis of glycoslyated and non-glycoslyated AQP2 in the same groups. 

Bands of interest were quantified by densitometry using Image J, and respective values 

were normalized by GAPDH. *, # is statistically significant at P<0.002 & P<0.015 

respectively. The number in parentheses indicates the number of animals in the respective 

group. 
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Figure 8: Densitometric analysis of total Aquaporin 2 water channel (AQP2) in the 

kidney following 48hWD and 2h rehydration shown in Figure 7. Bands for glycosylation 

and nonglycosylation were added together. Bands of interest were quantified by 

densitometry using Image J, and respective values were normalized by GAPDH. 

*,Statistically significant, P<0.001. The number in parentheses indicates the number of 

animals in the respective group. 

 

Figure 9: Secretin (SCT) in the pituitary following bile duct ligation (BDL) and sham 

ligation surgeries (Sham). Digital images of representative western blot for SCT and 

GAPDH from pituitary of sham and BDL rats. Graph represents densitometric analysis of 

SCT in sham and BDL rats. Bands of interest were quantified by densitometry using 

Image J, and respective values were normalized by GAPDH. The number in parentheses 

indicates the number of animals in the respective group. 

 

Figure 10: Vasopressin (AVP) in the pituitary following BDL and sham surgeries. 

Digital images of representative western blot analysis for AVP and GAPDH from 

pituitary of sham and BDL rats. Graph represents densitometric analysis of AVP in sham 

and BDL rats. Bands of interest were quantified by densitometry using Image J, and 

respective values were normalized by GAPDH. The number in parentheses indicates the 

number of animals in the respective group. 

 

Figure 11: Western blot analysis of 64kDa Secretin Receptor (SCTR) in the kidney 

following BDL and sham surgeries. Digital images of representative western blot analysis 
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for SCTR and GAPDH from kidney of BDL and sham rats. Graph represents 

densitometric analysis of SCTR in BDL and sham rats. Bands of interest were quantified 

by densitometry using Image J, and respective values were normalized by GAPDH. The 

number in parentheses indicates the number of animals in the respective group. 

 

Figure 12: Western blot analysis of 50kDa Secretin Receptor (SCTR) in the kidney 

following BDL and sham surgeries. Digital images of representative western blot analysis 

for SCTR and GAPDH from kidney of BDL and sham rats. Graph represents 

densitometric analysis of SCTR in BDL and sham rats. Bands of interest were quantified 

by densitometry using Image J, and respective values were normalized by GAPDH. * 

Statistically significant, P<0.004. The number in parentheses indicates the number of 

animals in the respective group. 

 

Figure 13: Total Secretin Receptor (SCTR) in the kidney following BDL and sham 

surgeries. Bands at 50KDa and 64KDa were added together. Digital images of 

representative western blot analysis for SCTR and GAPDH from kidney of BDL and 

sham rats. Graph represents densitometric analysis of SCTR in BDL and sham rats. 

Bands of interest were quantified by densitometry using Image J, and respective values 

were normalized by GAPDH. * Statistically significant, P<0.004. The number in 

parentheses indicates the number of animals in the respective group. 

 

Figure 14: Vasopressin 2 receptor (AVP2R) in the kidney following BDL and sham 

surgeries. Digital images of representative western blot analysis for AVP2R and GAPDH 
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from kidney of BDL and sham rats. Graph represents densitometric analysis of AVP2R in 

BDL and sham rats. Bands of interest were quantified by densitometry using Image J, and 

respective values were normalized by GAPDH. * Statistically significant, P<0.015. The 

number in parentheses indicates the number of animals in the respective group. 

 
 
Figure 15: Aquaporin 2 water channel (AQP2) in the kidney following BDL and sham 

surgeries. Digital images of representative western blot analysis for glycoslyated AQP2, 

non-glycoslyated AQP2, and GAPDH from kidney of BDL and sham rats. Graph 

represents densitometric analysis of glycoslyated  (grey bars) and non-glycoslyated 

(black bars) AQP2 in BDL and sham rats. Bands of interest were quantified by 

densitometry using Image J, and respective values were normalized by GAPDH. The 

number in parentheses indicates the number of animals in the respective group. 

 

Figure 16: Densitometric analysis of total Aquaporin 2 water channel (AQP2) in the 

kidney following BDL and sham surgeries. Bands for glycosylation and nonglycosylation 

were added together. Digital images of representative western blot analysis for 

glycoslyated AQP2, non-glycoslyated AQP2, and GAPDH from kidney of BDL and 

sham rats. Graph represents densitometric analysis of glycoslyated and non-glycoslyated 

AQP2 in BDL and sham rats. Bands of interest were quantified by densitometry using 

Image J, and respective values were normalized by GAPDH. The number in parentheses 

indicates the number of animals in the respective group. 
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Figure 17: Secretin (SCT) in the plasma following BDL and sham surgeries. Graph 

represents the average plasma secretin concentration from BDL and sham rats. The 

number in parentheses indicates the number of animals in the respective group. 

 

Diagram 2: Diagram of the possible effect of liver failure on renal function. Bile duct 

ligation (BDL) causes systemic hypotension and liver damage, which causes increased 

vasopressin (AVP) release. The vasopressin receptor (AVP2R) decreased and there was 

no change in aquaporin 2 (AQP-2) suggesting a possible AVP escape in these rats. Liver 

damage caused a decrease in the 50KDa form of the secretin receptor (SCTR) and no 

change in the 64KDa form suggesting there may either be two different receptor subtypes 

or that liver damage just affects the non-glycosylated form of the SCTR. 

 

 

 

 

 

 


