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Abstract

Use of carbamazepine (CBZ) and oxcarbazepine (OXC) as first line antiepileptic
drugs in the treatment of focal epilepsy is limited by hyponatremia, a known adverse
effect. Hyponatremia occurs in up to half of people taking CBZ or OXC and, although
often assumed to be asymptomatic, it can lead to symptoms ranging from
unsteadiness and mild confusion to seizures and coma. Hyponatremia is probably
due to the antidiuretic properties of CBZ and OXC that are, at least partly, explained
by stimulation of the vasopressin 2 receptor (V2R)/Aquaporin 2 (AQP2) pathway. No
known genetic risk variants for hyponatremia exist, but likely candidate genes are

part of the vasopressin water reabsorption pathway.



Introduction

Trial and error in drug choice is still an important aspect of pharmacotherapy in
epilepsy. Finding an effective anti-epileptic treatment without significant adverse
reactions (ADRs) for an individual may take months to years. Persistent seizures (in
up to one-third of people) and ADRs lead to severe burdens in people with epilepsy,
limiting their quality of life and prospects. The challenge for future
pharmacotherapy is to find optimal treatment with minimal delay.
Pharmacogenomics may be a valuable tool for this, as it aims to uncover genetic
variants that influence drug response in order to individualize a person’s therapy
and improve outcome. The clinical use of pharmacogenomics in epilepsy is well
demonstrated by carbamazepine (CBZ)-induced severe cutaneous reactions. CBZ
causes hypersensitivity reactions in up to 10% of people, ranging from mild to the
life-threatening Stevens-Johnson syndrome (SJS) and Toxic Epidermal Necrolysis
(TEN). In 2004 it was found that HLA-B*1502 was strongly associated with CBZ-
induced SJS/TEN in the Han-Chinese population, increasing the risk about 100 fold.
(1) In Caucasian populations, in which the allele frequency of HLA-B*1502 is very
low (<0.1%), an association was found between carbamazepine hypersensitivity and
HLA-A*3103 (allele frequency 2-5%). (2) In the South-East Asian population
screening for HLA-B*1502 prior to CBZ prescription is now routinely performed due

to the relatively high HLA carrier rate (17%). (3)



Another common adverse effect of CBZ and its keto-analogue oxcarbazepine (OXC)
is hyponatremia. Here we review the clinical importance of hyponatremia related to
CBZ and OXC use, the mechanism of the antidiuretic effect and the potential role for

pharmacogenomics in uncovering the genetic predisposing factors.



ANTIEPILEPTIC DRUGS

Carbamazepine was first introduced in 1962. (4) In the central nervous system, CBZ
reduces neuronal hyperexcitability and exerts its action mainly by inhibition of
voltage-gated sodium channels. (5) Fifty years later it is still recommended as a
drug of first choice for treating focal epilepsy despite recent concerns about its
potential to induce liver enzymatic systems. (6-8) Indeed, CBZ is losing ground to
the newer antiepileptic drugs (AEDs) due to these concerns. CBZ is also prescribed
in the treatment of trigeminal neuralgia and bipolar disorders. Frequent ADRs of
CBZ include drowsiness, loss of coordination, vertigo, rash, leucopenia,
osteoporosis, hepatotoxicity and hyponatremia.

OXC, introduced in 1990, was developed as keto-analogue of CBZ to avoid
formation of the epoxide metabolite of CBZ. (9) OXC and CBZ appear to be similarly
effective. In a double-blind study comparing OXC and CBZ in people with newly
diagnosed epilepsy, complete seizure control was achieved in 52% with OXC
treatment and in 60% with CBZ treatment, a non-significant difference. (9) Similarly,
a 50% reduction in seizure frequency was seen in 80% of people taking OXC and 81%
taking CBZ. (9, 10) Subsequent studies showed better tolerability of OXC, apart from
hyponatremia. Several studies have demonstrated that CBZ induces hyponatremia in

5-40 % of individuals. (11, 12) For OXC the incidence appears to be even higher at



30-51%. (12, 13) This serious ADR sometimes results in partial or complete

withdrawal, seriously limiting the use of CBZ and OXC. (14)



THE ADVERSE DRUG RESPONSE

Hyponatremia is defined as a serum sodium level < 136 mEq/I resulting in excess
total body water relative to total solute. It is considered mild when sodium levels
are between 131 and 135 mEq/l, moderate when 125-130 mEq/| and severe when
< 125mEq/l. (15, 16) Acute severe hyponatremia is associated with neurological
symptoms such as seizures and coma and should be treated urgently to prevent
life-threatening complications such as cerebral edema and encephalopathy. (15, 17,
18) Chronic hyponatremia causes more subtle neurological symptoms such as
unsteadiness, difficulty concentrating, reduced attention span, mild confusion and
personality changes. (19, 20) These symptoms are often mistakenly attributed to the
underlying disorder, personality or direct drug toxicity without considering
hyponatremia as a potential cause. The underestimation of symptoms was
demonstrated by a study in 122 individuals with “asymptomatic” chronic
hyponatremia with various causes; 12% were admitted to hospital for falls compared

with 5% in matched controls. (19)

Several risk factors exist for hyponatremia associated with CBZ use, including age >
40 years, concomitant use of other medications associated with hyponatremia (21)
(table 1), menstruation, psychiatric conditions, surgery, (psychogenic) polydipsia
and female gender. (22, 23) Similar risk factors exist for OXC, but age> 40 years is

correlated more strongly, as shown by the higher rate of hyponatremia in people



over 40 years of age taking either OXC (60%) or CBZ (20%). (12) A study of OXC-

induced severe hyponatremia in a large cohort (n=1009) provided further support

for age, concomitant use of diuretics and AED polytherapy as independent risk

factors. (24) There is no clear dose-effect relationship between OXC and occurrence

of hyponatremia. (12) In contrast, for CBZ a negative relationship between plasma

sodium concentration and CBZ serum concentration, as well as the cumulative daily

dose, has been described (25, 26); this could not be confirmed in another study.

(27)




Drugs affecting sodium and water homeostasis

Diuretics

Thiazides and related substances (indapamide)

Other (amiloride)

incidence
hyponatremia

11%

cause

extracellular volume depletion and syndro
inappropriate antidiuretic hormone secret
(SIADH)

sodium loss

Drugs affecting water homeostasis

Increased hypothalamic production of vasopressin

Antidepressants

Tricyclic antidepressants (amitryptiline,
protriptyline, desipramine)

Selective serotonin reuptake inhibitors (SSRIs)
Monoamine oxidase inhibitors (MAQOs)

0.5-32%

Antipsychotic drugs
Phenothiazines (chlorpromazine, fluphenazine)
Butyrophenones (haloperidol)

SIADH and polydipsia
dry mouth

Antiepileptic drugs
sodium valproate

Anticancer agents

Vinca alkaloids (vincristine, vinblastine)

Platinum compounds (cisplatin, carboplatin)
Alkylating agents (cyclophosphamide,

melphalan, ifosfamide)

Miscellaneous (methotrexate, interferon a and v,
levamisole, pentostatin, monoclonal antibodies)

43%

neurohypophysis toxicity
SIADH and renal salt wasting

Nausea-induced vasopressin production

Opiates

Potentiation of vasopressin effect

Antiepileptic drugs
Lamotrigine

Antidiabetic drugs

Sulfonylurea derivatives (chlorpropamide, tolbutamide)

4-6%

Anticancer agents
Alkylating agents (cyclophosphamide)

impaired water secretion

Nonsteroidal anti-inflammatory drugs

rare

J renal prostaglandin synthesis (vasopress
inhibitor)

‘Reset osmostat’ (SIADH variant)

Antidepressants
Venlafaxine

Table 1 Other drugs associated with hyponatremia (21).



THE MECHANISM

There are several different biological mechanisms that can lead to hyponatremia.
Simplified, there is either too much water (polydipsia, inappropriate antidiuresis) or
too little salt (low intake or salt wasting) present. (16) Hyponatremia related to drugs
is mainly caused by the syndrome of inappropriate antidiuresis (SIAD)(16). An
antidiuretic effect of CBZ was first reported in 1966 when it was found to be
beneficial in people with diabetes insipidus, a disorder characterized by polydipsia
and polyuria caused by a lack of pituitary vasopressin production. (28, 29). In early
case reports of CBZ-induced hyponatremia both elevated (30, 31) and lowered (32)
levels of vasopressin (also called antidiuretic hormone, ADH) were found. These
findings suggested that CBZ either stimulates vasopressin secretion from the
posterior pituitary gland or has a direct renal effect itself. According to the renal
effect theory, CBZ is thought to increase the sensitivity of osmoreceptors to
vasopressin in the renal distal convoluted tubules and collecting ducts or to exert a

direct effect on these receptors leading to water retention. (11) (Fig 1)

A combined central and renal effect has been suggested. (33) In a cross-over study,
water loading tests were performed in 12 healthy volunteers before and after
receiving 600 mg/day CBZ for seven days. With CBZ, vasopressin levels increased
less during water deprivation and decreased less during water loading, without

affecting plasma sodium concentration and plasma osmolality. It was concluded that



osmoreceptors were less responsive as a result of CBZ. (33) Impaired diuresis during

CBZ use was also observed, despite similar vasopressin concentration at peak

diuresis when on and of CBZ. (33) It could be argued that this is a direct effect of

CBZ on receptors in the renal tubules.

For OXC a similar cross-over design study was performed in a group of people with

epilepsy and a group of healthy controls. Exposure to OXC for 3 weeks resulted in

significant reduction in serum osmolality (i.e. hypotonicity) and serum sodium

concentration after a water loading test in both groups. Hypotonic hyponatremia

was not associated with a significant change in serum vasopressin levels, but was

the result of both a relative inability to dilute the urine and a reduction of over 50%

in water excreted after the water loading test. (34)

Vasopressin exerts its antidiuretic action by binding and activating the arginine

vasopressin receptor 2 (V2R), resulting in an increase in intracellular cyclic

adenosine monophosphate (cCAMP). cAMP promotes shuttling of intracellular

vesicles, containing Aquaporin 2 (AQP2) water channels, to the apical membrane of

the collecting-duct cells. Water permeability is thereby increased, inducing anti-

diuresis.(35) (36) A rodent study suggested that CBZ could activate the vasopressin

receptor in the renal medulla and that CBZ can induce renal water absorption by

acting directly on the V2R -protein G complex and increasing the AQP2 expression.



In vitro microperfusion experiments showed that CBZ was able to increase water
(re)-absorption in the absence of vasopressin. Tests with selective cAMP and V2R
inhibitors showed that the CBZ effect on water absorption is cCAMP-dependent and
acts in the V2R-protein G-complex. In vivo tests were done in 3 groups: controls;
rats on a CBZ diet; and rats initially taking lithium, subsequently taking lithium and
CBZ. The CBZ diet alone did not increase AQP2 expression compared with controls.
CBZ was, however, able to correct nephrogenic diabetes insipidus (NDI) in rats
receiving lithium. Lithium decreases AQP2 expression since it blocks vasopressin

action. Addition of CBZ reversed 20% of the decrease in AQP2 expression. (35)

Paradoxical effects were observed in another rodent study in which CBZ therapy
increased diuresis and electrolyte loss. After rats received the V2R antagonist
savaptan, urinary flow and natriuresis were further increased by CBZ. (37) Thus even
though CBZ has a comparable pharmacological effect to a V2R agonist, some
findings in rat studies suggest that other pathways also play a role.

One pathway of interest is the influence of prostaglandins on water transport.
Prostaglandin E2 (PGE2), a product of arachidonic acid (AA) metabolism by
cyclooxygenase (COX), inhibits vasopressin-induced water permeability by reducing
cAMP levels. (38, 39) (fig 1) Inhibition of PGE2 synthesis potentiates antidiuresis.
Nonsteroidal anti-inflammatory drug-induced hyponatremia has been associated

with the inhibition of synthesis of renal prostaglandins due to COX inhibition. (40)



As well as COX, other enzymes are involved in AA metabolism; lipoxygenase and
cytochrome P450 (CYP450) also metabolize AA. Induction of the CYP450 pathway
results in less AA being available for metabolism by COX, resulting in less renal
prostaglandin synthesis. (41) It is conceivable that CBZ, a major P450-enzyme
inducer, potentiates natriuresis through this mechanism. It is unlikely that this is the
only mechanism as OXC is a weaker CYP450 inducer than CBZ, whereas the
incidence of hyponatremia associated with OXC use seems higher.

Lithium (Li)-induced polyuria due to resistance to vasopressin is mediated by
increased PGE2 signalling acting via P2Y receptors. For CBZ/OXC-induced

hyponatremia this pathway has not yet been assessed. (42, 43)



GENETICS AND PHARMACOGENOMICS

The antidiuretic property of CBZ and OXC seems to be a physiological effect of these
drugs. The fact that hyponatremia is not clearly dose-dependent and is not an
extension of the therapeutic effect suggests an idiosyncratic effect. It is likely that
the severity of the hyponatremia depends on the genetic constitution of the
individual, making subgroups more susceptible. Here we review what is known
about the genetics of the V2R/AQP2 pathway and discuss how this could help us to

learn more about susceptibility to hyponatremia associated with CBZ/OXC use.

X-linked, inactivating mutations in the arginine vasopressin receptor 2 gene (AVPR2)
and autosomal mutations in AQPZ2 cause nephrogenic diabetes insipidus. (44) From
a pathophysiological perspective the opposite of nephrogenic diabetes insipidus is
nephrogenic syndrome of inappropriate antidiuresis (NSIAD). This was first
described in two unrelated infants and was characterized by excess hypotonic fluid
and undetectable vasopressin levels. (45) Both were hemizygous for an AVPR2
mutation presented with seizures, hyponatremia (123 and 118 mEq/| respectively),
and serum hypo-osmolality with inappropriately elevated urinary osmolality and
sodium levels. Functional studies showed that basal levels of cAMP production in
cells expressing the mutated V2R were four times the levels in cells expressing
wild-type V2R (P=0.01). These AVPR2 mutations created a constitutively active V2R

explaining the hyponatremia with increased urinary osmolality. (45)



After this first NSIAD report, two more families and several sporadic cases have been
described. These families show great variability in phenotype, and NSIAD may go
unrecognized for years. (46, 47) In another described family with five members, two
hemizygous and three heterozygous, were assessed. One hemizygous male
exhibited all the typical NSIAD features. The other four appeared totally
asymptomatic under normal conditions, but all had an abnormal response (including
hyponatremia) when challenged by a mild water load. Persistent excretion of AQP2
independent of vasopressin in four of these five individuals with NSIAD was
consistent with a constitutive V2R activation. (47)

The condition in people with NSIAD is clinically similar to SIAD associated with
CBZ/0OXC use. Key characteristics in both are hyponatremia, serum hypo-osmolality,
urine hyper-osmolality, low levels of vasopressin and an abnormal response to a
water loading test. The fact that this genetic condition resembles the effect of CBZ
and OXC use provides some additional support to the findings of a direct action of
these drugs on one of the V2R-dependent pathways. The great variability in
phenotype in people with NSIAD may be explained by interactions with variants in
other genes from these renal pathways. These same variants may also play a role in

the susceptibility to severe hyponatremia during use of CBZ or OXC.



CONCLUSION

Hyponatremia should no longer be considered an asymptomatic condition. (19)
Symptoms such as unsteadiness, dizziness, difficulty concentrating, reduced
attention span, mild confusion, and lethargy in people taking CBZ or OXC should
alert the physician to check the serum sodium level. In people with multiple risk
factors, hyponatremia might occur much faster with more severe, even life
threatening, symptoms. Preventive fluid restriction can be of great value in these
situations.

The mechanism of CBZ/OXC-induced hyponatremia remains incompletely
understood but there is evidence that the antidiuretic effect is, at least partly,
caused by stimulation, direct or via PGE2, of the V2R/AQP2 pathway. In people with
NSIAD serum sodium levels and serum and urine osmolality are changed in the same
direction as that caused by the use of CBZ and OXC. It is possible that other variants
in AVPRZ2 with influence on the activation state of V2R make people more
susceptible to the antidiuretic effect of CBZ and OXC. Future research should
investigate whether pharmacogenomic risk factors, such as variants in genes from
the vasopressin water reabsorption and the arachidonic acid metabolism pathways,
can identify people at risk of developing clinically relevant hyponatremia induced by
CBZ or OXC. In these people CBZ and OXC should be gradually withdrawn and

alternative antiepileptic drugs should be prescribed. When the person at risk is



dependent on CBZ or OXC for seizure control, electrolytes should be intensively

monitored.

References

1. Chung WH, Hung SI, Hong HS, Hsih MS, Yang LC, Ho HC, et al. Medical genetics: a marker for
Stevens-Johnson syndrome. Nature. 2004;428(6982):486. Epub 2004/04/02.

2. Walker LE, Mirza N, Yip VL, Marson AG, Pirmohamed M. Personalized medicine approaches in
epilepsy. Journal of internal medicine. 2015;277(2):218-34. Epub 2014/10/24.

3. Chen Z, Liew D, Kwan P. Real-world efficiency of pharmacogenetic screening for
carbamazepine-induced severe cutaneous adverse reactions. PloS one. 2014;9(5):€96990. Epub
2014/05/09.

4. Blom S. Trigeminal neuralgia: its treatment with a new anticonvulsant drug (G-32883). Lancet.
1962;1(7234):839-40. Epub 1962/04/21.
5. Willow M, Gonoi T, Catterall WA. Voltage clamp analysis of the inhibitory actions of

diphenylhydantoin and carbamazepine on voltage-sensitive sodium channels in neuroblastoma cells.
Molecular pharmacology. 1985;27(5):549-58. Epub 1985/05/01.

6. Mattson RH, Cramer JA, Collins JF, Smith DB, Delgado-Escueta AV, Browne TR, et al.
Comparison of carbamazepine, phenobarbital, phenytoin, and primidone in partial and secondarily
generalized tonic-clonic seizures. The New England journal of medicine. 1985;313(3):145-51. Epub
1985/07/18.

7. Karceski S, Morrell MJ, Carpenter D. Treatment of epilepsy in adults: expert opinion, 2005.
Epilepsy & behavior : E&B. 2005;7 Suppl 1:51-64; quiz S5-7. Epub 2005/08/17.

8. Brodie MJ, Mintzer S, Pack AM, Gidal BE, Vecht CJ, Schmidt D. Enzyme induction with
antiepileptic drugs: cause for concern? Epilepsia. 2013;54(1):11-27. Epub 2012/09/29.

9. Dam M, Ekberg R, Loyning Y, Waltimo O, Jakobsen K. A double-blind study comparing
oxcarbazepine and carbamazepine in patients with newly diagnosed, previously untreated epilepsy.
Epilepsy research. 1989;3(1):70-6. Epub 1989/01/01.

10. Koch MW, Polman SK. Oxcarbazepine versus carbamazepine monotherapy for partial onset
seizures. The Cochrane database of systematic reviews. 2009(4):CD006453. Epub 2009/10/13.

11. Van Amelsvoort T, Bakshi R, Devaux CB, Schwabe S. Hyponatremia associated with
carbamazepine and oxcarbazepine therapy: a review. Epilepsia. 1994;35(1):181-8. Epub 1994/01/01.
12. Dong X, Leppik IE, White J, Rarick J. Hyponatremia from oxcarbazepine and carbamazepine.
Neurology. 2005;65(12):1976-8. Epub 2005/12/29.

13. Nielsen OA, Johannessen AC, Bardrum B. Oxcarbazepine-induced hyponatremia, a cross-
sectional study. Epilepsy research. 1988;2(4):269-71. Epub 1988/07/01.

14. Friis ML, Kristensen O, Boas J, Dalby M, Deth SH, Gram L, et al. Therapeutic experiences with

947 epileptic out-patients in oxcarbazepine treatment. Acta neurologica Scandinavica.
1993;87(3):224-7. Epub 1993/03/01.

15. Adrogue HJ, Madias NE. Hyponatremia. The New England journal of medicine.
2000;342(21):1581-9. Epub 2000/05/29.



16. Spasovski G, Vanholder R, Allolio B, Annane D, Ball S, Bichet D, et al. Clinical practice guideline
on diagnosis and treatment of hyponatraemia. European journal of endocrinology / European
Federation of Endocrine Societies. 2014;170(3):G1-47. Epub 2014/02/27.

17. Matsumura M, Yamaguchi M, Sato T. Severe hyponatremia in a patient treated with
levomepromazine and carbamazepine. Intern Med. 2001;40(5):459. Epub 2001/06/08.

18. Goh KP. Management of hyponatremia. American family physician. 2004;69(10):2387-94. Epub
2004/06/01.

19. Renneboog B, Musch W, Vandemergel X, Manto MU, Decaux G. Mild chronic hyponatremia is
associated with falls, unsteadiness, and attention deficits. The American journal of medicine.
2006;119(1):71 e1-8. Epub 2006/01/25.

20. van der Lubbe N, Thompson CJ, Zietse R, Hoorn EJ. The clinical challenge of SIADH-three cases.
NDT plus. 2009;2(Suppl_3):iii20-iii4. Epub 2009/11/03.

21. Liamis G, Milionis H, Elisaf M. A review of drug-induced hyponatremia. American journal of
kidney diseases : the official journal of the National Kidney Foundation. 2008;52(1):144-53. Epub
2008/05/13.

22. Kalff R, Houtkooper MA, Meyer JW, Goedhart DM, Augusteijn R, Meinardi H. Carbamazepine
and serum sodium levels. Epilepsia. 1984;25(3):390-7. Epub 1984/06/01.

23. Asconape JJ. Some common issues in the use of antiepileptic drugs. Seminars in neurology.
2002;22(1):27-39. Epub 2002/08/10.

24. Kim YS, Kim DW, Jung KH, Lee ST, Kang BS, Byun JI, et al. Frequency of and risk factors for
oxcarbazepine-induced severe and symptomatic hyponatremia. Seizure. 2014;23(3):208-12. Epub
2014/01/01.

25. Perucca E, Garratt A, Hebdige S, Richens A. Water intoxication in epileptic patients receiving
carbamazepine. Journal of neurology, neurosurgery, and psychiatry. 1978;41(8):713-8. Epub
1978/08/01.

26. Henry DA, Lawson DH, Reavey P, Renfrew S. Hyponatraemia during carbamazepine treatment.
British medical journal. 1977;1(6053):83-4. Epub 1977/01/08.

27. Gandelman MS. Review of carbamazepine-induced hyponatremia. Progress in neuro-
psychopharmacology & biological psychiatry. 1994;18(2):211-33. Epub 1994/03/01.

28. Braunhofer ), Zicha L. [Does Tegretal offer new possibilities of therapy in several neurologic
and endocrine diseases? A clinical electroencephalographic and thin-layer chromatographic study]. Die
Medizinische Welt. 1966(36):1875-80. Epub 1966/09/03. Eroffnet Tegretal neue
Therapiemoglichkeiten bei bestimmten neurologischen und endokrinen Krankheitsbildern? Eine
klinische elektroenzephalographische und dunnschichtchromatographische Studie.

29. Wales JK. Treatment of diabetes insipidus with carbamazepine. Lancet. 1975;2(7942):948-51.
Epub 1975/11/15.

30. Ashton MG, Ball SG, Thomas TH, Lee MR. Water intoxication associated with carbamazepine
treatment. British medical journal. 1977;1(6069):1134-5. Epub 1977/04/30.
31. Smith NJ, Espir ML, Baylis PH. Raised plasma arginine vasopressin concentration in

carbamazepine-induced water intoxication. British medical journal. 1977;2(6090):804. Epub
1977/09/24.

32. Meinders AE, Cejka V, Robertson GL. The antidiuretic action of carbamazepine in man. Clinical
science and molecular medicine. 1974;47(4):289-99. Epub 1974/10/01.

33. Stephens WP, Coe JY, Baylis PH. Plasma arginine vasopressin concentrations and antidiuretic
action of carbamazepine. British medical journal. 1978;1(6125):1445-7. Epub 1978/06/03.

34. Sachdeo RC, Wasserstein A, Mesenbrink PJ, D'Souza J. Effects of oxcarbazepine on sodium
concentration and water handling. Annals of neurology. 2002;51(5):613-20. Epub 2002/07/12.

35. de Braganca AC, Moyses ZP, Magaldi AJ. Carbamazepine can induce kidney water absorption by

increasing aquaporin 2 expression. Nephrology, dialysis, transplantation : official publication of the



European Dialysis and Transplant Association - European Renal Association. 2010;25(12):3840-5.
Epub 2010/06/08.

36. Berrettini WH, Post RM, Worthington EK, Casper JB. Human platelet vasopressin receptors. Life
sciences. 1982;30(5):425-32. Epub 1982/02/01.
37. Himmerkus N, Sievers B, Bleich M. Carbamazepine affects water and electrolyte homoeostasis

in rat--similarities and differences to vasopressin antagonism. Nephrology, dialysis, transplantation :
official publication of the European Dialysis and Transplant Association - European Renal Association.
2012;27(10):3790-8. Epub 2012/05/09.

38. Verbalis JG. Whole-body volume regulation and escape from antidiuresis. The American journal
of medicine. 2006;119(7 Suppl 1):521-9. Epub 2006/07/18.

39. Nielsen S, Kwon TH, Christensen BM, Promeneur D, Frokiaer J, Marples D. Physiology and
pathophysiology of renal aquaporins. Journal of the American Society of Nephrology : JASN.
1999;10(3):647-63. Epub 1999/03/12.

40. Demir ME, Horoz M, Ulas T, Eren MA, Ercan Z. Nonsteroidal anti-inflammatory drug-induced
severe hyponatremia. Medicina (Kaunas). 2012;48(12):619-21. Epub 2012/01/01.
41. Schwartzman M, Ferreri NR, Carroll MA, Songu-Mize E, McGiff JC. Renal cytochrome P450-

related arachidonate metabolite inhibits (Na+ + K+)ATPase. Nature. 1985;314(6012):620-2. Epub
1985/04/18.

42. Kishore BK, Carlson NG, Ecelbarger CM, Kohan DE, Muller CE, Nelson RD, et al. Targeting renal
purinergic signalling for the treatment of lithium-induced nephrogenic diabetes insipidus. Acta Physiol
(Oxf). 2015;214(2):176-88. Epub 2015/04/17.

43. Zhang Y, Pop IL, Carlson NG, Kishore BK. Genetic deletion of the P2Y2 receptor offers
significant resistance to development of lithium-induced polyuria accompanied by alterations in PGE2
signaling. American journal of physiology Renal physiology. 2012;302(1):F70-7. Epub 2011/10/07.
44, Barak LS, Oakley RH, Laporte SA, Caron MG. Constitutive arrestin-mediated desensitization of a
human vasopressin receptor mutant associated with nephrogenic diabetes insipidus. Proceedings of
the National Academy of Sciences of the United States of America. 2001;98(1):93-8. Epub 2001/01/03.
45, Feldman BJ, Rosenthal SM, Vargas GA, Fenwick RG, Huang EA, Matsuda-Abedini M, et al.
Nephrogenic syndrome of inappropriate antidiuresis. The New England journal of medicine.
2005;352(18):1884-90. Epub 2005/05/06.

46. Decaux G, Vandergheynst F, Bouko Y, Parma J, Vassart G, Vilain C. Nephrogenic syndrome of
inappropriate antidiuresis in adults: high phenotypic variability in men and women from a large
pedigree. Journal of the American Society of Nephrology : JASN. 2007;18(2):606-12. Epub
2007/01/19.

47. Ranchin B, Boury-Jamot M, Blanchard G, Dubourg L, Hadj-Aissa A, Morin D, et al. Familial
nephrogenic syndrome of inappropriate antidiuresis: dissociation between aquaporin-2 and
vasopressin excretion. The Journal of clinical endocrinology and metabolism. 2010;95(9):E37-43. Epub
2010/07/16.



proximal distal
convoluted convoluted

tubule . tubule
Bowman's

to ureter

Basolateral Luminal

Fig 1. vasopressin dependent water regulation. Vasopressin (AVP) acts on V2 receptors (V2R) in the

basolateral plasma membrane. Through the GTP-binding protein Gs, adenylyl cyclase (A.C.) is
activated, stimulating the production of cCAMP from ATP. cAMP binds and activates protein kinase A
(PKA), which than phosphorylates AQP2 in intracellular vesicles. AQP2 moves to the apical plasma
membrane to increase water permeability. PGE2 inhibits this process by binding to the Prostaglandin
receptor E3 (EP3)and reducing the production of cAMP. CBZ/OXC influences the water regulation by

activating the V2R/AC complex and/or by inhibiting PGE2 formation.









