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ABSTRACT

yponatremia is a common clinical problem in hospitalized patients and nursing home residents. It also
ay occur in healthy athletes after endurance exercise. The majority of patients with hyponatremia are

symptomatic and do not require immediate correction of hyponatremia. Symptomatic hyponatremia is a
edical emergency requiring rapid correction to prevent the worsening of brain edema. How fast we

hould increase the serum sodium levels depends on the onset of hyponatremia and still remains contro-
ersial. If the serum sodium levels are corrected too rapidly, patients may develop central pontine
yelinolysis, but if they are corrected too slowly, patients may die of brain herniation. We review the

pidemiology and mechanisms of hyponatremia, the sensitivity of women to hyponatremic injury, the
daptation and maladaptation of brain cells to hyponatremia and its correction, and the practical ways of
anaging hyponatremia. Because the majority of hyponatremia is caused by the non-osmotic release of

asopressin, the recent approval of the vasopressin receptor antagonist conivaptan for euvolemic hypo-
atremia may simplify hyponatremia management. However, physicians should be aware of the risk of
apid correction of hyponatremia, hypotension, and excessive fluid intake. © 2007 Elsevier Inc. All rights
eserved.

KEYWORDS: Acute hyponatremia; Brain edema; Central pontine myelinolysis; Chronic hyponatremia; Exercise-
associated hyponatremia; Organic osmolytes; Vasopressin; Vasopressin receptor antagonist
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yponatremia is a common and serious problem in clinical
edicine. Anderson et al1 noted that the prevalence of

yponatremia (serum sodium concentration [SNa] � 130
eq/L) in hospitalized patients was approximately 2.5%.
wo thirds of the patients with hyponatremia developed it
hile in the hospital. The daily incidence rate was approx-

mately 1%. Hyponatremia is, in general, less common in
he outpatient setting, but the prevalence can be substantial
n high-risk populations. Such high-risk patients include
hose with various diseases (vida infra) and the elderly
opulation.2-6 Miller et al7 measured the prevalence of hy-
onatremia to be 18% in a nursing home population. Ap-
roximately one half of all residents of this nursing home
ad hyponatremia at least 1 time during a 1-year period.

The prognosis associated with hyponatremia is fairly

The authors received salary support from the National Institutes of
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ront matter © 2007 Elsevier Inc. All rights reserved.
ed.2006.09.031
evere.1,3,8-13 Anderson et al1 noted that the fatality rate in
yponatremic patients was 60 times that of patients in
hom hyponatremia did not develop. The reason for this
ire prognosis may be found in the cause (see below). Most
eries observe that the non-osmotic release of vasopressin is
he predominant cause of hyponatremia, and because severe
tress is one of the (many) causes of non-osmotic release of
asopressin, it may be that hyponatremia simply selects
hose patients who are under substantial stress.1,3,8-13

Significant hyponatremia also can be found in healthy in-
ividuals who participate in high-endurance exercises, such as
arathon and iron man triathlons. Hyponatremia (SNa � 135)
as found in 13% of randomly selected runners of the 2002
oston Marathon. A small fraction (0.6%) of these runners had
ritical hyponatremia (SNa � 120).14 There have been a few
xercise-associated hyponatremia (EAH)-related fatalities re-
ulting from brain edema reported in the last 8 years.15 EAH
an be avoided by limiting fluid intake to less than 800 mL per
our, as recommended by the International Marathon Medical
irectors Association. This guideline should be adjusted ac-
ording to individual and environmental factors.16
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HYSIOLOGY OF WATER METABOLISM
he mechanisms involved in producing concentrated or
ilute urine have been enumerated in great detail else-
here,17 and we will review these mechanisms only briefly

o as to provide a context for the clinical categorization of
atients with hyponatremia. Hu-
ans with normal kidney function

an produce urine with a solute
oncentration range from less than
00 mosm/L to more than 1000
osm/L. This allows for a more

han 10� range in urine volume
nd, by extension, fluid intake
hile preserving osmolar equilib-

ium. The physiologic mecha-
isms involved in producing di-
ute or concentrated urine can be
numerated simplistically through
he Kokko-Rector model of the
idney.18 Briefly, solute and water
re filtered at the level of the glo-
erulus and a variable portion of

oth are reabsorbed in the proximal tubule and thin loop of
enle. Up until this nephron segment, solute handling is
erformed by the tubular cells, and water transport can be
onsidered as passive. However, the thick portion of the
scending limb of the loop of Henle (TAL) is rather imper-
eant to water, and pumping of solute in this nephron

egment allows for both trapping of solute in the renal
edulla, a function aided by the countercurrent architecture

f medullary blood perfusion and dilution of fluid within the
ubular lumen. Most of the features described to this point,
amely, distal delivery of solute and function of TAL, are
ecessary for the production of both dilute and concentrated
rine. The final steps in urine concentration occur in the
ollecting duct. If concentrated urine is to be excreted,
asopressin must be present in the circulation and the col-
ecting duct epithelium must respond to this vasopressin.
he normal collecting duct epithelium responds to vaso-
ressin by a classic G-protein–regulated signal cascade that
nvolves cyclic adenosine monophosphate as the “second
essenger” and results in the insertion of water channels

aqueporin 2), which allows water to easily transverse the
ollecting duct epithelium. As the interstitial fluid is con-
entrated, especially in the medulla, the remaining fluid in
he tubular lumen becomes concentrated and the resultant
rine achieves a high osmolarity. However, in the absence
f vasopressin, or if the collecting duct fails to respond to
asopressin, the tubular fluid and ultimately the urine re-
ains dilute.19 These concepts are demonstrated graphically

n Figure 1.
Vasopressin is a decapeptide synthesized largely in the

uperoptic nucleus of the hypothalamus and secreted from the
osterior pituitary. The synthesis and release of vasopressin are
egulated by both osmotic and non-osmotic mechanisms.20,21

CLINICAL SIGNIF

● Hyponatremia is
non-osmotic rele

● Premenopausal f
hyponatremic br

● Treatment of hyp
on removal of fr

● Vasopressin rec
promising for tre
he non-osmotic mechanisms are multiple and include opiates, a
ngiotensin, and endothelin, as well as a number of cytokines
nd neurotransmitters.22-25

ECHANISMS OF HYPONATREMIA
The clinical approach to hypona-
tremia (Figure 2) generally begins
by excluding conditions in which
the osmolarity is not reduced. In
fact, because sodium is the pre-
dominant osmole in the extracel-
lular fluid (ECF) compartment and
serum, physicians consider hypo-
natremia to be essentially synony-
mous with a reduction in osmolar-
ity. This rather casual association
has led to the characterizations of
all situations in which hyponatre-
mia does not reflect hypo-osmo-
larity as “pseudohyponatremia.”
This is unfortunate because there
are 2 conditions in which

seudohyponatremia is really a laboratory artifact, namely,
evere hyperlipidemia and hyperproteinemia. In these con-
itions, the lipid or protein component of the serum volume
ecomes considerable, whereas the sodium is essentially
liminated from this compartment. Sodium measurement
evices that measure sodium amount in a given volume then
easure the sodium concentration as low because they

stimate the serum water content too high. Again, this really
s pseudohyponatremia. In contrast, conditions in which an
smotically active substance such as glucose or mannitol
ccumulates in the serum and draws water out of the intra-
ellular space also is referred to as a kind of “pseudohy-
onatremia.” However, in this case, the SNa concentration
nd chemical activity are truly depressed.

igure 1 Roles of distal sodium delivery, solute transport in the
hick ascending limb of Henle, and vasopressin action or inaction
n the production of concentrated or dilute urine. TAL � thick

CE

monly caused by
f vasopressin.

s are sensitive to
jury.

remia should focus
ter.

antagonists are
SIADH.
ICAN

com
ase o

emale
ain in

onat
ee wa

eptor
scending limb of Henle.
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655Lien and Shapiro Hyponatremia
Once the above conditions are excluded, clinicians gen-
rally determine whether non-osmotic release of vasopres-
in is involved and, because it usually is involved, why
on-osmotic release of vasopressin occurs. Clinically, these
ituations are generally grouped on the basis of ECF volume
tatus (Figure 2). Hyponatremia in patients with increased
CF volume is generally attributable to congestive heart

ailure, liver failure, nephritic syndrome, or pregnancy. Pa-
ients who have hyponatremia with decreased ECF volume
enerally have excessive sweating, gastrointestinal losses,
enal losses, or bleeding as causes. Patients with normal
CF volume develop hyponatremia from cortisol defi-
iency, thyroid hormone deficiency, or the syndrome of
nappropriate antidiuretic hormone release, which, in turn,
an be caused by a variety of conditions (Figure 3). Occa-
ionally, more than 1 mechanism may be implicated. For
nstance, patients with paraplegia or quadriplegia are prone
o develop hyponatremia, particularly when they have pneu-
onia or urinary tract infection. These patients tend to have

ecreased ECF volume and “appropriate” antidiuretic hor-
one secretion. With infection and stress, additional vaso-

ressin may be released “inappropriately” and results in
evere hyponatremia.26

There are a few settings in which the non-osmotic release
f vasopressin is not involved or does not play a major role:

Cerebral salt wasting syndrome is a condition associated
with severe sodium deficit caused by excessive release of
brain natriuretic peptide. It has been reported in a variety
of central nervous system pathologies, particularly sub-
arachnoid hemorrhage, tuberculous meningitis, and brain
surgeries.27

Chronic renal failure may cause hyponatremia because of
the inability to dilute or concentrate urine because of
decreases (sometimes to zero) in the delivery of solute
and water to the TAL. In this setting, a patient’s osmo-
larity becomes almost totally dependent in the short term

igure 2 Clinical approach to hyponatremia based on clinical
ssessment of ECF volume. AVP � arginine vasopressin; CSWS �
erebral salt wasting syndrome; EAH � exercise-associated hypo-
atremia; CRF � chronic renal failure; SIADH � syndrome of
nappropriate antidiuretic hormone; ECF � extracellular fluid;
HF � congestive heart failure.
on what fluid and solute are ingested. v
Psychogenic polydipsia/potomania refers to a condition
in which kidney function is normal and dilute urine is
produced, but free water intake overwhelms the kidney’s
capabilities and the SNa becomes diluted. These gener-
ally (but not always) occur in patients with severe psy-
chiatric problems or in the setting of ethanol consump-
tion. In the latter case, decreases in obligate osmolar
excretion play an important pathogenetic role.28 Only
moderately excessive water intake in the absence of eth-
anol consumption has been reported to cause SNa dilution
in the setting of very low dietary solute consumption and
small stature.29

Exercise-associated hyponatremia is mainly caused by
excessive consumption of fluid. The substantial weight
gain during running is the single most important factor
associated with hyponatremia.14 However, not all hy-
ponatremic athletes had weight gain; non-osmotic release
of vasopressin may play a role in the development of
EAH. For instance, pain and stress during the race may
induce the release of vasopressin. Siegel et al reported
that 43% of patients with EAH had measurable AVP
levels consistent with SIADH. The authors speculated
that the release of muscle derived interleukin-6 during
rhabdomyolysis may stimulate secretion of AVP.30

Noakes et al15 proposed that failure to mobilize osmoti-
cally inactive Na from internal stores, such as bone, also
may contribute to EAH. However, so far there is no
evidence to support this hypothesis.

ENSITIVITY OF WOMEN TO HYPONATREMIC
NJURY
atients with hyponatremia may present with decreased

evels of consciousness and even seizures. The severity of
hese symptoms and signs seems to be related to both the

igure 3 Clinical diagnosis and common causes of the syn-
rome of inappropriate antidiuretic hormone. ADH � antidi-
retic hormone; UNa � urinary sodium; CNS � central ner-

ous system.
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cuity and the severity of the hyponatremia.31 The gender
nd age of the afflicted individual also seems to be
mportant.

In a landmark article in 1986, Arieff32 described 15
reviously healthy women who developed acute hyponatre-
ia (average SNa decreased to 108 mmol/L) after elective

urgery. The outcomes in these patients were poor (27%
ortality, 60% persistent vegetative state). In a follow-up

tudy, it was demonstrated that although men and women
eemed equally likely to develop hyponatremia and hy-
onatremic encephalopathy after surgery, women were 25
imes more likely to die or have permanent brain injury. On
urther analysis, most of the risk in females was confined to
omen of menstruant age33 (Figure 4). Increased sensitivity

o hyponatremic injury in women also is observed in the
etting of EAH. In a series of 7 cases of EAH with cerebral
dema and noncardiogenic pulmonary edema, 5 were fe-
ales.34 In another study, Davis and coworkers reported 15
arathon runners who developed symptomatic hyponatre-

0

20

40

60

80

100

Female Male

Cases
(674)

Brain
Injury
(34)

P
er
ce
nt

0

20

40

60

80

100

Post
Menopausal

Pre
Menopausal

Cases
(367)

Brain
Injury
(33)

P
er
ce
nt

igure 4 Data from Ayus and colleagues32 demonstrating that
lthough the incidence of significant hyponatremia is similar in
ales and females, the incidence of significant brain injury is

argely confined to females (top). Further analysis of the females
emonstrated that most brain injury cases occurred in premeno-
ausal women (bottom).
ia (SNa � 122); only 1 was male.35 f
In view of these observations, considerable interest has
eveloped regarding the mechanisms underlying the gender
ifference in susceptibility to hyponatremic injury.36 At the
resent time, it seems that female sex hormones both alter
euronal volume regulation in response to hypo-osmolarity
nd sensitize the cerebral vasculature to the constrictive
ctions of vasopressin.37,38

RAIN OSMOLES AND HYPONATREMIA
he brain is the organ that is most susceptible to the sudden
ecrease of SNa in the body because it is confined within
he rigid skull. In the setting of EAH, symptoms such as
ausea, vomiting, and confusion begin when SNa decreases
o less than 129 mEq/L.15 If hyponatremia develops slowly
ver several days, brain cells are capable of adapting by
eleasing intracellular K and other solutes to maintain the
ell volume. We have shown that in chronically hyponatre-
ic rats, the decrease in brain osmolality is accounted for by

he decrease in electrolytes (K 36%, Na 18%, and Cl 18%)
nd organic osmolytes (23%), including amino acids, my-
inositol, creatine/creatine phosphate, and others. The con-
ribution of organic osmolytes is higher, approximately
5%, if only intracellular solutes are considered.39

Another serious brain complication related to hyponatre-
ia is central pontine myelinolysis (CPM). CPM was first

escribed by Adams et al40 in 1959 in alcoholic patients
ith malnutrition. It is characterized by a loss of oligoden-
rocytes and myelin with relatively well-reserved neurons
n the central basis of pontis, as well as extrapontine sites
uch as basal ganglia and cerebellum.41 The association
etween rapid correction of hyponatremia and CPM was
nitially reported by Kleinschmidt-DeMasters and Noren-
erg,42 and Norenberg et al.43 The risk for development of
PM is associated with severity and chronicity of the hy-
onatremia and the correction rate of hyponatremia. It rarely
ccurs if SNa is greater than 120 and the hyponatremia is
cute in onset.

The pathogenesis of CPM is still not fully understood.
uring correction of chronic hyponatremia, a rapid increase

n SNa will lead to brain cell shrinkage. To maintain proper
ell volume, brain cells take up Na, K, and Cl first, and then
rganic osmolytes. These organic osmolytes are protective
gainst damages to proteins or DNA from increased ion
trength inside cells.44 The reaccumulation of certain or-
anic osmolytes, such as myoinositol and amino acids, is a
low process because it takes time to synthesize new trans-
orters and reinsert them into cell membrane. In addition,
he ability to reaccumulate organic osmolytes in different
rain regions varies. In rats, the midbrain is the area with the
east ability to reaccumulate organic osmolytes. It also is the
rea where demyelination is most severe after rapid correc-
ion of hyponatremia.45

HERAPY OF HYPONATREMIA
he treatment of hyponatremia is determined by 3 major
actors: severity of hyponatremia, that is, the presence or
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657Lien and Shapiro Hyponatremia
bsence of severe central nervous system symptoms such as
ethargy, delirium, seizure, and coma; onset of hyponatre-
ia: acute (within 48 hours) or chronic (�48 hours); and

olume status. Symptomatic hyponatremia, particularly if
ssociated with hypoxia, is a medical emergency. An im-
ediate increase in SNa level by 8 to 10 meq/L in 4 to 6

ours with hypertonic saline is recommended.46 The biggest
hallenge of treating symptomatic hyponatremia is how to
rescribe saline therapy and maintain the correction rate in
he target range. Because free water excess (FWE) is the
ost common cause of hyponatremia, it is generally agreed

hat the first step is to calculate the FWE. Note that we do
ot refer to a “sodium deficit” because it is possible, in fact
t is likely, that there is not a sodium deficit. Rather, it is an
xcess of water that must be addressed by the clinician.

If we assume that total body water (TBW) � 0.6 � body
eight (kilograms, use 0.5 for females), that the patient is

uvolemic (ie, has no true sodium deficit), and that the SNa
s the only determinant of osmolarity we will consider, the
WE can be calculated as: FWE � TBW � (140 �
Na)/140.

Once the FWE is calculated, we next decide what our
esired correction rate should be. For acute hyponatremia,
ore rapid correction may be possible, but for chronic

yponatremia, slower rates of correction (eg, 12 meq/L in
4 hours)47 have been advocated. By matching the FWE to
he decrease in SNa, one can estimate how much free water
emoval will correspond with this 12 meq/L in 24 hours. For
xample, a 50-kg patient with an SNa of 100 meq/L would
ave an estimated FWE of 8.6 liters; it follows that one
ould want to remove approximately 2.6 liters in the first 24
ours to avoid a correction rate exceeding 12 meq of Na/
/24 hours. If we administer an adequate dose of furo-
emide, the urine sodium � urine potassium should be
pproximately 70 to 80 meq/L, and the urine will be essen-
ially one half free water. Ergo, if we replace the urine
lectrolyte losses (milliequivalent of Na and K with mil-
iequivalent of Na) with 0.9% saline (ie, ½ mL/mL of
rine), the net free water clearance is one half of the urine
utput. If we replace the urine electrolyte losses with 3%
aline (0.15 mL/mL of urine), the net free water clearance �
.85� urine output. Measurements of urine electrolytes can
and should) be performed to monitor furosemide effect and
o aid in more accurate measurements. Depending on the
rine flow rate, 3% saline, 0.9% saline, combinations of the
bove, or even more dilute infusion solutions can be admin-
stered to achieve the desired rate of free water clearance. If
ypokalemia is present (and/or develops), some potassium
hould be added to the infusion solution and tracked as an
dded osmolyte.

Another approach is to estimate SNa change on the
asis of the amount of Na in the infusate using the
ormula described by Adrogue and Madias:48 �SNa �
[Na � K]inf � SNa} � (TBW � 1); where �SNa is a
hange in SNa, [Na � K]inf is infusate Na and K con-

entration in 1 liter of solution. Although this formula is
elatively simple and widely used, we believe that the
ocus on Na rather than water may create some confusion
nd could result in unintended changes in total body sodium
nd water (eg, pulmonary edema) if urine output is not
arefully monitored.

We believe that it cannot be overstated that frequent
easurements of the SNa must be performed in concert with
hichever calculations are used; as we reemphasize, clinical

stimates of TBW are rather crude. Nguyen and Kurtz49

eviewed potential errors with simplified formulae. If the
ate of correction is too fast or too slow, alterations in the
nfusion rate and/or furosemide dose may be necessary.

EW THERAPIES FOR HYPONATREMIA
ecently, conivaptan, a V1A/V2-receptor antagonist, was
pproved for treating hospitalized patients with euvolemic
yponatremia. Because most hyponatremia is caused by the
on-osmotic release of vasopressin, the availability of va-
opressin antagonists is exciting and may change the man-
gement of hyponatremia completely. Ghali et al50 reported
he efficacy and safety of 5-day oral conivaptan therapy (40
r 80 mg/day) for euvolemic or hypervolemic hyponatre-
ia. In 1 day, SNa was increased by 4 and 7 mEq/L, and

ree water clearance was 0.4 and 1.3 liters for the groups
eceiving 40 or 80 mg/day, respectively. Rapid correction of
yponatremia was reported in 10% of subjects receiving
onivaptan; however, none of them had serious neurologic
omplications associated with rapid correction. However,
onivaptan-related hypotension, polydipsia, and hypovole-
ia were reported in this study.
From a pathogenesis point of view, V2-receptor antago-

ists are ideal drugs for hyponatremia involved in the non-
smotic release of vasopressin, except those with volume
epletion. With this therapy, the risk of rapid correction is
till present; therefore, frequent checks of SNa are needed.
n addition, V2-receptor antagonists are not suitable for
ertain causes of hyponatremia, such as cerebral salt wast-
ng syndrome, psychogenic polydipsia/potomania, and oth-
rs. It is critical to identify the mechanisms of hyponatremia
efore selecting the treatment of hyponatremia.

CKNOWLEDGMENTS
he authors thank Carol Woods and Kathy Glockner for

heir excellent secretarial assistance. The authors would also
ike to acknowledge salary support from the National Insti-
utes of Health (HL67963 and DK45666).

eferences
1. Anderson RJ, Chung HM, Kluge R, Schrier RW. Hyponatremia: a

prospective analysis of its epidemiology and the pathogenetic role of
vasopressin. Ann Intern Med. 1985;102(2):164-168.

2. Tung YR, Lai MC, Lui CC, et al. Tuberculous meningitis in infancy.
Pediatr Neurol. 2002;27(4):262-266.

3. Bussmann C, Bast T, Rating D. Hyponatraemia in children with acute
CNS disease: SIADH or cerebral salt wasting? Childs Nerv Syst.

2001;17(1-2):58-62; discussion 63.



1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

4

4

5

658 The American Journal of Medicine, Vol 120, No 8, August 2007
4. Kockaerts Y, Vanhees S, Knockaert DC, Verhaegen J, Lontie M,
Peetermans WE. Imported malaria in the 1990s: a review of 101
patients. Eur J Emerg Med. 2001;8(4):287-290.

5. Sowunmi A. Hyponatraemia in severe falciparum malaria: a clinical
study of nineteen comatose African children. Afr J Med Med Sci.
1996;25(1):47-52.

6. Tolaymat A, al-Mousily F, Sleasman J, Paryani S, Neiberger R. Hy-
ponatremia in pediatric patients with HIV-1 infection. South Med J.
1995;88(10):1039-1042.

7. Miller M, Morley JE, Rubenstein LZ. Hyponatremia in a nursing home
population. J Am Geriatr Soc. 1995;43(12):1410-1413.

8. Brophy JM, Deslauriers G, Rouleau JL. Long-term prognosis of pa-
tients presenting to the emergency room with decompensated conges-
tive heart failure. Can J Cardiol. 1994;10(5):543-547.

9. Callewart CC, Minchew JT, Kanim LE, et al. Hyponatremia and
syndrome of inappropriate antidiuretic hormone secretion in adult
spinal surgery. Spine. 1994;19(15):1674-1679.

0. Cusano AJ, Thies HL, Siegal FP, Dreisbach AW, Maesaka JK. Hy-
ponatremia in patients with acquired immune deficiency syndrome. J
Acquir Immune Defic Syndr. 1990;3(10):949-953.

1. Dhawan A, Narang A, Singhi S. Hyponatraemia and the inappropriate
ADH syndrome in pneumonia. Ann Trop Paediatr. 1992;12(4):455-
462.

2. Ferreira da Cunha D, Pontes Monteiro J, Modesto dos Santos V,
Araujo Oliveira F, Freire de Carvalho da Cunha S. Hyponatremia in
acute-phase response syndrome patients in general surgical wards.
Am J Nephrol. 2000;20(1):37-41.

3. Lee DS, Austin PC, Rouleau JL, Liu PP, Naimark D, Tu JV. Predicting
mortality among patients hospitalized for heart failure: derivation and
validation of a clinical model. JAMA. 2003;290(19):2581-2587.

4. Almond CS, Shin AY, Fortescue EB, et al. Hyponatremia among
runners in the Boston Marathon. N Engl J Med. 2005;352(15):1550-
1556.

5. Noakes TD, Sharwood K, Speedy D, et al. Three independent biolog-
ical mechanisms cause exercise-associated hyponatremia: evidence
from 2,135 weighed competitive athletic performances. Proc Natl
Acad Sci U S A. 2005;102(51):18550-18555.

6. Noakes T. Fluid replacement during marathon running. Clin J Sport
Med. 2003;13(5):309-318.

7. Schrier RW, Chen YC, Cadnapaphornchai MA. From finch to fish to
man: role of aquaporins in body fluid and brain water regulation.
Neuroscience. 2004;129(4):897-904.

8. Kokko JP, Rector FC Jr. Countercurrent multiplication system without
active transport in inner medulla. Kidney Int. 1972;2(4):214-223.

9. Schrier RW, Cadnapaphornchai MA, Umenishi F. Water-losing and
water-retaining states: role of water channels and vasopressin receptor
antagonists. Heart Dis. 2001;3(3):210-214.

0. Schrier RW, Goldberg JP. The physiology of vasopressin release and
the pathogenesis of impaired water excretion in adrenal, thyroid, and
edematous disorders. Yale J Biol Med. 1980;53(6):525-541.

1. Schrier RW, Berl T, Anderson RJ. Osmotic and nonosmotic control of
vasopressin release. Am J Physiol. 1979;236(4):F321-F332.

2. Kim JK, Summer SN, Wood WM, Schrier RW. Role of glucocorticoid
hormones in arginine vasopressin gene regulation. Biochem Biophys
Res Commun. 2001;289(5):1252-1256.

3. Kim JK, Summer SN, Schrier RW. Effect of kappa opioid agonist RU
51599 on osmotic and non-osmotic stimulated arginine vasopressin
release and gene regulation in small cell lung carcinoma cells. Neu-
ropeptides. 1997;31(5):423-429.

4. Xu DL, Martin PY, St John J, et al. Upregulation of endothelial and
neuronal constitutive nitric oxide synthase in pregnant rats. Am J
Physiol. 1996;271(6 Pt 2):R1739-R1745.

5. Pyo HJ, Summer SN, Niederberger M, Kim JK, Schrier RW. Arginine
vasopressin gene expression in rats with puromycin-induced nephrotic
syndrome. Am J Kidney Dis. 1995;25(1):58-62.

6. Soni BM, Vaidyanthan S, Watt JW, Krishnan KR. A retrospective
study of hyponatremia in tetraplegic/paraplegic patients with a review

of the literature. Paraplegia. 1994;32(9):597-607.
7. McGirt MJ, Blessing R, Nimjee SM, et al. Correlation of serum brain
natriuretic peptide with hyponatremia and delayed ischemic
neurological deficits after subarachnoid hemorrhage. Neurosurgery.
2004;54(6):1369-73; discussion 1373-1374.

8. Liamis GL, Milionis HJ, Rizos EC, Siamopoulos KC, Elisaf MS.
Mechanisms of hyponatraemia in alcohol patients. Alcohol Alcohol.
2000;35(6):612-616.

9. Thaler SM, Teitelbaum I, Berl T. “Beer potomania” in non-beer
drinkers: effect of low dietary solute intake. Am J Kidney Dis. 1998;
31(6):1028-1031.

0. Siegel AJ, Verbalis JG, Clement S, et al. Hyponatremia in marathon
runners due to inappropriate arginine vasopressin secretion. Am J Med.
2007;120:461.e11-461.e17.

1. Gowrishankar M, Lin SH, Mallie JP, Oh MS, Halperin ML. Acute
hyponatremia in the perioperative period: insights into its pathophys-
iology and recommendations for management. Clin Nephrol. 1998;
50(6):352-360.

2. Arieff AI. Hyponatremia, convulsions, respiratory arrest, and perma-
nent brain damage after elective surgery in healthy women. N Engl
J Med. 1986;314(24):1529-1535.

3. Ayus JC, Wheeler JM, Arieff AI. Postoperative hyponatremic encepha-
lopathy in menstruant women. Ann Intern Med. 1992;117(11):891-897.

4. Ayus JC, Arieff A, Moritz ML. Hyponatremia in marathon runners.
N Engl J Med. 2005;353(4):427-8; author reply 427-428.

5. Davis DP, Videen JS, Marino A, et al. Exercise-associated hypona-
tremia in marathon runners: a two-year experience. J Emerg Med.
2001;21:47-57.

6. Fraser CL, Arieff AI. Epidemiology, pathophysiology, and manage-
ment of hyponatremic encephalopathy. Am J Med. 1997;102(1):67-77.

7. Arieff AI, Kozniewska E, Roberts TP, Vexler ZS, Ayus JC, Kucha-
rczyk J. Age, gender, and vasopressin affect survival and brain adap-
tation in rats with metabolic encephalopathy. Am J Physiol. 1995;
268(5 Pt 2):R1143-R1152.

8. Fraser CL, Swanson RA. Female sex hormones inhibit volume regulation
in rat brain astrocyte culture. Am J Physiol. 1994;267(4 Pt 1):C909-C914.

9. Lien YH, Shapiro JI, Chan L. Study of brain electrolytes and organic
osmolytes during correction of chronic hyponatremia. Implications for
the pathogenesis of central pontine myelinolysis. J Clin Invest. 1991;
88(1):303-309.

0. Adams RD, Victor M, Mancall EL. Central pontine myelinolysis: a
hitherto undescribed disease occurring in alcoholic and malnourished
patients. AMA Arch Neurol Psychiatry. 1959;81(2):154-172.

1. Wright DG, Laureno R, Victor M. Pontine and extrapontine myelinol-
ysis. Brain. 1979;102(2):361-385.

2. Kleinschmidt-DeMasters BK, Norenberg MD. Rapid correction of
hyponatremia causes demyelination: relation to central pontine mye-
linolysis. Science. 1981;211(4486):1068-1070.

3. Norenberg MD, Leslie KO, Robertson AS. Association between rise in
serum sodium and central pontine myelinolysis. Ann Neurol. 1982;
11(2):128-135.

4. Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN. Living
with water stress: evolution of osmolyte systems. Science. 1982;
217(4566):1214-1222.

5. Lien YH. Role of organic osmolytes in myelinolysis. A topographic
study in rats after rapid correction of hyponatremia. J Clin Invest.
1995;95(4):1579-1586.

6. Kokko JP. Symptomatic hyponatremia with hypoxia is a medical
emergency. Kidney Int. 2006;69(8):1291-1293.

7. Lauriat SM, Berl T. The hyponatremic patient: practical focus on
therapy. J Am Soc Nephrol. 1997;8(10):1599-1607.

8. Adrogue HJ, Madias NE. Hyponatremia. N Engl J Med. 2000;342(21):
1581-1589.

9. Nguyen MK, Kurtz I. Analysis of current formulas used for treatment
of the dysnatremias. Clin Exp Nephrol. 2004;8(1):12-16.

0. Ghali JK, Koren MJ, Taylor JR, et al. Efficacy and safety of oral
conivaptan: a V1A/V2 vasopressin receptor antagonist, assessed in a
randomized, placebo-controlled trial in patients with euvolemic or hyper-

volemic hyponatremia. J Clin Endocrinol Metab. 2006;91(6):2145-2152.


	Hyponatremia: Clinical Diagnosis and Management
	PHYSIOLOGY OF WATER METABOLISM
	MECHANISMS OF HYPONATREMIA
	SENSITIVITY OF WOMEN TO HYPONATREMIC INJURY
	BRAIN OSMOLES AND HYPONATREMIA
	THERAPY OF HYPONATREMIA
	NEW THERAPIES FOR HYPONATREMIA
	ACKNOWLEDGMENTS
	References


