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Total-body water balance 

Normal water intake = Normal water Loss 
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Vanders Human Physiology, 2010 
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Major functions of the kidney 
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1.  Water, ion balance and acid-
base balance 

2.  Removal of metabolic waste 
from blood & excretion in 
urine 

3.  Removal of foreign 
chemicals from the blood 
and their excretion in the 
urine 

4.  Gluconeogenesis 
5.  Hormone/enzymes 

production: 
a)  For red blood cell 

production 
(erythropoietin) 

b)  For calcium homeostasis 
(calcitriol) 

c)  For blood pressure 
regulation (renin) 

Eckert’s Animal Physiology, 2002 



Osmoregulation at the kidney 
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Eckert’s Animal Physiology, 2002 

•  Descending limb is 
permeable to water (90%) 

–  Water is reabsorbed 
–  Volume of primary urine 

decreases 
–  Primary urine becomes 

more concentrated 
•  Ascending limb is 

impermeable to water 
–  Ions are reabsorbed 
–  Primary urine becomes 

dilute 
•  Collecting duct uses 

established gradient to 
produce urine of varying 
concentrations 

Today we focus on 
distal tubule and 
collecting duct 



Constant monitoring to maintain homeostasis 
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•     Osmolarity of blood is 
under feedback regulation 
by antidiuretic hormone 
(ADH) on the collecting 
duct 

• ADH is also known as: 
-arginine vasopressin (AVP) 
-vasopressin (VP) or (V) 
-argipressin 

•    Increases water 
permeability (stippled area) 

•   Counteracts low blood 
pressure and high plasma 
osmolarity 

Eckert’s Animal Physiology, 2002 

•  Pressure 
receptors in 
vasculature 

•  Osmotic 
receptors in 
hypothalamus 

•  Both trigger 
ADH release 



ADH receptors and aquaporin channels  
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Basolateral ADH receptor 
&  

Luminal Aquaporin2 is needed for water permeability of principal cells of 
the collecting duct 



Aquaporins allow the rapid transport of water 
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Freeman et al., Biological Science, 2012 

•  Aquaporins are exclusively permeable to water  
•  These protein channels allow water to move across the cell membrane 

through osmosis 
•  Movement across is concentration gradient dependent 



ADH increases water permeability 
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AQP 3 & 4 normally 
present on the basolateral 
membrane 
 
AQP 2 channels are 
constantly cycling to the 
membrane of the collecting 
duct that lines the lumen 

•  The activity of the ADH receptor leads to activation of protein kinase A which 
leads to AQP-2 receptor phosphorylation & an increase in AQP-2 receptor 
vesicle fusion; reduces the rate of endocytosis (receptor recycling) 

•  End result: more AQP-2 receptors are inserted & remain at the luminal 
(apical) surface, increasing water permeability 

Vanders Human Physiology, 2010 

ADH 

ADH receptor 
(GPCR) 



ADH receptors are GPCRs 
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Bichet, (2009) Progress in Molecular Biology and Translational Science 89:15-29 

•  Located on the basolateral (non-lumen) side of the distal tube/collecting duct 
•  Binding of ADH allows Gαs subunit to activate adenylyl cyclase, which synthesizes cAMP from 

ATP 
•  cAMP activates protein kinase A (PKA) which helps with exocytic insertion of AQP-2 into 

luminal membrane, and allows water into collecting duct cells for reabsorption into the blood 

Bichet (2008) 
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Congenital nephrogenic diabetes insipidus 
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Enlarged 
bladder 

•  Inherited in an X-linked recessive fashion and is caused by 
mutations in the ADH receptor

 -Almost all XNDI patients are male; women can be carriers 

•  Characterized by excessive thirst, and large amounts (>3L/24 h) of 

hypotonic urine (<250mmol/kg)

•  Can lead to life-threatening dehydration, fatigue and even seizures due 
to electrolyte imbalance along with enlarged bladder 


Leads to nephron malfunction 
•  (i.e.  Insensitivity or no response to ADH)  How???


Most diseases caused by 
GPCR dysfunction are based 
on genomic alterations  



Diagnosis of diabetes insipidus 
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•  Blood tests including: 
•  Measurement of blood ADH levels 
•  Measurement of blood glucose levels 
•  Measuring blood electrolyte levels (i.e. high sodium levels) 
 

•  Urinalysis including (i.e. low electrolyte levels): 
•  Measuring urine output levels 
•  Measure glucose levels in urine 

•  Sequencing to identify mutations 
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Bichet (2008) 



Pathomechanistic classification of defects 
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Receptors folded in the ER, processed in the Golgi & inserted into the membrane 

•  Mutations can induce gain or loss of physiological function 

Wesche et al., 2012 



Cause of nephrogenic diabetes insipidus 
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Bichet (2008) 

Mutations lead to misfolded 
receptors: 

•  Currently 221 known  ADH receptor gene mutations that cause XNDI 
•  Misfolded ADH receptors trapped in the endoplasmic reticulum  
•  Result: loss of ADH signal and so no AQP 2 expression or transport to apical 

membrane 

Inactivating mutations: impairment or total abolishing of receptor function 
(Identified as class II based on sequencing and functional analysis)  

  



Mechanism of disease: nephrogenic diabetes insipidus 
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•  Mutations in the ADH receptor lead to absence from basolateral membrane& lack  
of aquaporin channels in the apical (luminal membrane) of the collecting duct 

X 
X 

Bichet (2008) 

ADH 

A
D

H
 

re
ce

pt
or

 
(G

P
C

R
) 



Class II defects of ADH/Vasopressin receptors 
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Hermisolla et al.,  (2004) 
* 

  
Disease causing mutants are retained in secretory pathway (ER and/or Golgi)

•  Wildtype & Mutant ADH 
receptors tagged @ C-
terminal with GFP and 
transiently transfected in 
Human Embryonic Kidney 
(HEK) cells


•  Wild-type ADH.GFP receptor 

was located at the plasma 
membrane (Trypan blue)


•  GFP-mutant ADH receptors 

were located to cell interior 
within the ER and Golgi

ADH-R.GFP 

L62P.GFP 
mutant 

Y205C.GFP 
mutant 



Early treatments of nephrogenic diabetes insipidus 
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indomethacin (2 mg/kg/24 h) 
 
 
 
 
 
 
 
-inhibits the production of 
prostaglandins (anti-inflammatory) 
-prostaglandins inhibit ADH 
activity in the kidney 
-so indomethacin increases ADH 
sensitivity 
 
Duration of effect: 4-6 hours 
 
Side effects: 
-edema, hyperkalemia, 
hypernatremia, hypertension, 
strong gastrointestinal side effects 

hydrochlorothiazide (2-4 mg/kg/24 h) 
 
 
 
 
 
 
 
-diuretic!!  
-reduces distal tubule sodium reabsorption 
(leads to more regulated water and sodium 
loss by sodium reabsorption in proximal 
tubule via AQP1) 
 
Duration of effect: 6-12 hours 
 
Side effects:  
-hypokalemia, hypomagnesia, 
hyponatremia, hypercalcemia 
hyperuricemia, high blood sugar, nausea/
vomiting  



Early treatments of nephrogenic diabetes insipidus 
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hydrochlorothiazide (2-4 mg/kg/24 h) 
 
 
 
 
 
 
 
-diuretic!!  
-reduces distal tubule sodium reabsorption 
(leads to more regulated water and sodium 
loss by sodium reabsorption in proximal 
tubule via AQP1) 
 
Duration of effect: 6-12 hours 
 
Side effects:  
-hypokalemia, hypomagnesia, 
hyponatremia, hypercalcemia 
hyperuricemia, high blood sugar, nausea/
vomiting  

amiloride (0.3 mg/kg/24 h) 
 
 
 
 
 
 
 
-blocks luminal sodium channels, 
prevents sodium reabsorption 
-leads to increased sodium loss 
-does not lead to potassium loss 
 
Duration of effect: up to 24 hours 
 
Side effects: 
-stomach/abdominal pain, 
hyperkalemia, persistent nausea 
below 4yrs age 



NDI treatment: a case study  
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•  Patient population: 10 boys with NDI (followed up after 2-20 years of treatment) 
•  Methods and diagnostics: 

-Diagnosis of NDI based on large volume of urine, elevated blood sodium levels, lack of 
response to ADH treatment 

•  Treatment:  low-sodium diet, fluid replacement in addition to 1-3 mg/kg/24 h of 
hydrochlorothiazide-amiloride and 1-2 mg/kg/24h of indomethacin 

•  Responses to treatment: assessed by 24 h urine collections along with ultrasound 
assessment of pelvis diameter, dilation of ureters, changes in bladder (along with 
thickness of bladder muscle (detrusor)) 
 

 
 



NDI treatment: a case study treatment and follow-up  
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Caletti et al., 2014 

Decreased urine volume, but not reduced to normal levels  



Emerging therapies to targeting class II ADH receptor defects 
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~Development of pharmacological chaperones~ 

Cellular protein folding is facilited by 
molecular chaperones:

1.  If folding fails, misfolded proteins are 
retained in ER and targeted for 
degradation


2-3. Pharmacochaperones diffuse into the 
cell, bind misfolded proteins and influence 
folding

4.  Allows then for correct routing to the 

Golgi complex

5.  Mature proteins can then be delivered 

to the cell surface 

6.  Pharmacochaperone dissociates

7.  Receptor can now interact with its 

ligand




Emerging therapies to targeting class II ADH receptor defects 
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Morello et al., 2000 

•  Treatment of human embryonic kidney (HEK)  cells expressing ADH 
receptor mutant with pharmacological chaperone (+SR121463A) could 
rescue receptors by promoting proper folding, increased localization at 
the membrane and responsiveness to ADH  



Evidence of effectiveness of pharmacological chaperones 
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Bernier et al., 2004 

•  Administration of 
SR49059 compound 
in 5 adult males 
with X-linked NDI 
 

Observed: 
•  decrease in urine 

volume 
•  decrease in water 

intake 
•  increased urine 

osmolarity 

•  Constant blood 
plasma osmolarity 

Most promising to date 



Outlook on class II ADH receptor defect-induced NDI 
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•  Approximately 5% of NDI patients without known mutation 
 
•  Conventional therapy: 

-Fluid replacement together with controlled electrolyte diet 
-First-line drug combination (i.e. hydrocholothiazide + indomethacin) 
 

•  These drugs reduce urine excretion but are not able to reproduce 
urine volumes of healthy individuals… but symptoms are relieved 

•  Emerging therapies: the design of pharmacological chaperones but 
there are limitations on (i) dislocation of chaperone after rescue 
along with (ii) duration of receptor stability and functionality (i.e. 
receptor internalization) 
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