CHAPTER 3

Disorders of Sodium and Water:
Hypernatremia and Hyponatremia

Stephen P. DiBartola

The volume and tonicity of body fluids are maintained
within a narrow normal range by regulation of sodium
and water balance. The volume of extracellular fluid
(ECF) is determined by the total body sodium content,
whereas the osmolality and sodium concentration of
ECEF are determined by water balance. The kidneys play
a crucial role in these processes by balancing the excretion
of salt and water with their intake and by avidly conserv-
ing them when intake is restricted (Table 3-1).

TABLE 3-1 Renal Regulation of
Sodium and Water
Balance
Osmoregulation Volume Regulation
What is Plasma osmolality Effective circulating

volume
Carotid sinus

sensed
Sensors Hypothalamic
osmoreceptors
Aortic arch
Glomerular afferent
arterioles
Cardiac atria
Large pulmonary vessels
Renin-angiotensin-
aldosterone system
Sympathetic nervous
system
Atrial natriuretic peptide
“Pressure natriuresis”
Antidiuretic hormone
Urine sodium excretion

Eftectors Vasopressin

Thirst

What is
affected

Water excretion
Water intake

Modified from Rose BD. Clinical physiology of acid base and electrolyte
disorders, 4th ed. New York: McGraw-Hill, 1994: 256, with permission of
the McGraw-Hill Companies.

TERMINOLOGY

OSMOLALITY

The osmolality of a solution refers to the concentration
of osmotically active particles in that solution. Osmolality
is a function only of the number of particles and is not
related to their molecular weight, size, shape, or charge.
One mole of a nondissociating substance (e.g., glucose or
urea) dissolved in 1 kg of water decreases the freezing
point of the resultant solution by 1.86° C. Such a solution
has an osmolality of 1 Osm/kg or 1000 mOsm /kg.

The term osmolarity refers to the number of particles
of solute per liter of solution, whereas the term osmolality
refers to the number of particles of solute per kilogram of
solvent. When considering the physiology of body fluids,
the difference between osmolality and osmolarity is neg-
ligible because body fluids typically are dilute aqueous
solutions. In clinical medicine, the term osmolality is
used, and the osmolality of body fluids usually is measured
by freezing-point depression osmometry. A solution is
said to be hyperosmotic if its osmolality is greater than
that of the reference solution (often plasma) and
hypoosmotic if its osmolality is less than that of the refer-
ence solution. An isosmotic solution has an osmolality
identical to that of the reference solution.

The normal plasma osmolality of dogs and cats is slightly
higher than that of humans and ranges from 290 to 310
mOsm/kgin dogs and from 290 to 330 mOsm /kgin cats.
In one study, 20 dogs under resting conditions had plasma
osmolality values of 292 to 308 mOsm kg with a mean
value of 301 mOsm/kg.®” In a study of the effects of
sodium bicarbonate infusion in cats, baseline serum
osmolality ranged from 290 to 330 mOsm,/kg.?* Plasma
osmolality can be estimated from the equation:

B 1
Calculated Plasma Osmolality =2 Na + _2U8N 4+ 8 ulcg’se
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where BUN is blood urea nitrogen. In this equation, the
concentrations of urea and glucose in milligrams per deci-
liter are converted to millimoles per liter by the conver-
sion factors 2.8 and 18. The measured osmolality
should not exceed the calculated osmolality by more than
10 mOsm/kg.**'*? Ifit does, an abnormal osmolal gap is
said to be present. This occurs when an unmeasured sol-
ute (i.e., one not accounted for in the equation) is present
in large quantity in plasma (e.g., mannitol or metabolites
of ethylene glycol) or when hyperlipemia or hyperpro-
teinemia results in pseudohyponatremia (see section on
Hyponatremia with Normal Plasma Osmolality).**-°%-5¢

SPECIFIC GRAVITY

The term specific gravity refers to the ratio of the weight
of a volume of liquid to the weight of an equal volume of
distilled water. Specific gravity depends not only on the
number of particles present in the solution but also on
their molecular weight. The clinician can easily measure
specific gravity with a hand-held refractometer.
Multiplying the last two digits of the urine specific gravity
(USG) by 36 gives a rough estimate of urine osmolality in
dogs.”! This rule may be misleading if the urine sample
contains a large amount of high-molecular-weight solute,
because substances with high molecular weights have a
greater effect on specific gravity than on osmolality.
The effects on urine osmolality of some solutes are shown
in Table 3-2.

TONICITY OR EFFECTIVE
OSMOLALITY

Changes in the osmolality of ECF may or may not initiate
movement of water between the intracellular and extra-
cellular compartments. A change in the concentration
of permeant solutes (e.g., urea, ethanol) does not cause
movement of water because these solutes are distributed
equally throughout total body water (TBW). A change in
the concentration of impermeant solutes (e.g., glucose,
sodium) does cause movement of water because such
solutes do not readily cross cell membranes. Tonicity
refers to the ability of a solution to initiate water

TABLE 3-2 Effect of Selected Solutes
on Urine Osmolality*

Contribution to

Molecular Osmolality
Substance Mass (da) (mOsm/kg)
Albumin 69,000 0.144
Diatrizoate ion 613 16.313
Glucose 180 55.555

*1.0 g/dL of each of the listed solutes added to distilled water would
increase specific gravity by 0.010, but would have the effects on
osmolality shown in the table.

movement and is dependent on the presence of
impermeant solutes in the solution.*’ Thus, tonicity
may be thought of as effective osmolality. A solution is
hypertonic to a reference solution from which it is
separated by a semipermeable membrane if its concentra-
tion of impermeant solutes is greater than that of the ref-
erence solution. A solution is hypotonic to the reference
solution if'its concentration of impermeant solutes is less
than that of the reference solution. A solution is isotonic
to the reference solution if its concentration of
impermeant solutes equals that of the reference solution.

Tonicity or effective osmolality may be estimated as
P,,, — BUN/2.8. Consider a dog with the following
laboratory values: serum sodium, 125 mEq/L; BUN,
280 mg/dL; and glucose, 90 mg/dL. This patient is
hyponatremic and azotemic and has plasma hyperos-
molality (calculated plasma osmolality = 355 mOsm/
kg) but hypotonicity (effective plasma osmolality = 255
mOsm/kg). Clinical measurement of osmolality by freez-
ing-point depression osmometry does not distinguish
between permeant and impermeant solutes and thus does
not provide direct information about the tonicity of a
solution.

DIURESIS

The term diuresis refers to urine flow that is greater than
normal (i.e., >1 to 2 mL/kg/hr in dogs and cats). The
term solute, or osmotic, diuresis refers to increased urine
flow caused by excessive amounts of nonreabsorbed sol-
ute within the renal tubules (e.g., polyuria associated with
diabetes mellitus, administration of mannitol). During
osmotic diuresis, urine osmolality approaches plasma
osmolality. The term water diuresis refers to increased
urine flow caused by decreased reabsorption of solute-
free water in the collecting ducts (e.g., polyuria associated
with psychogenic polydipsia or diabetes insipidus). Dur-
ing water diuresis, urine osmolality is less than plasma
osmolality.

The term isosthenuria refers to urine with an osmolal-
ity equal to that of plasma, and hyposthenuria refers to
urine with an osmolality less than that of plasma. The
term hypersthenuria, or baruria, refers to urine with
an osmolality greater than that of plasma, but this term
is rarely used and only to describe urine that is very
concentrated.

TYPES OF DEHYDRATION

Dehydration occurs when fluid loss from the body
exceeds fluid intake. Dehydration may be classified
according to the type of fluid lost from the body and
the tonicity of the remaining body fluids. Pure water loss
and loss of hypotonic fluid result in hypertonic dehydra-
tion because the tonicity of the remaining body fluids is
increased. Loss of fluid with the same osmolality as that
of ECF results in isotonic dehydration, because there is
no osmotic stimulus for water movement and the



Disorders of Sodium and Water: Hypernatremia and Hyponatremia | 47

remaining body fluids are unchanged in tonicity. Loss of
hypertonic fluid or loss of isotonic fluid with water
replacement results in hypotonic dehydration because
the remaining body fluids become hypotonic. The types
of dehydration and their relative effects on the volume
and tonicity of the intracellular and extracellular
compartments are shown in Figure 3-1.

SERUM SODIUM CONCENTRATION

The serum sodium concentration is an indication of the
amount of sodium relative to the amount of water in the
ECF and provides no direct information about total body
sodium content. Patients with hyponatremia or
hypernatremia may have decreased, normal, or increased
total body sodium content. An increased serum sodium
concentration (hypernatremia; >155 mEq/L in dogs or
>162 mEq/L in cats) implies hyperosmolality, whereas
a decreased serum sodium concentration (hyponatremia;
<140 mEq/L in dogs or <149 mEq/L in cats) usually,
but not always, implies hypoosmolality. Hyponatremia
develops when the patient is unable to excrete ingested
water or when urinary and insensible fluid losses have a
combined osmolality greater than that of ingested or par-
enterally administered fluids. Hypernatremia develops
when water intake has been inadequate, when the lost fluid
is hypotonic to ECF, or when an excessive amount of
sodium has been ingested or administered parenterally.

NORMAL PHYSIOLOGY

RENAL HANDLING OF SODIUM

Sodium is filtered by the glomeruli and reabsorbed by the
renal tubules. The metabolic energy (i.e., adenosine tri-
phosphate [ATP]) for sodium transport in the kidneys
is required by Na*, K*-adenosinetriphosphatase (Na™,
K"-ATPase) in the basolateral membranes of the tubular
cells. This enzyme translocates sodium from the cyto-
plasm of the tubular cells to the peritubular interstitium

and maintains a low intracellular concentration of
sodium, which promotes sodium entry into the cell at
the luminal surface.

Approximately 67% of the filtered load of sodium is
reabsorbed isosmotically with water in the proximal
tubules. In the early proximal tubule, sodium crosses
the luminal membrane by cotransport with glucose,
amino acids, and phosphate and in exchange for H' ions
via the luminal Na*-H™ antiporter (during the latter pro-
cess HCOj_ is reabsorbed). Reabsorption of water and
sodium with HCO;_ and other solutes in this segment
of the nephron increases the Cl™ concentration in tubular
fluid and facilitates Cl™ reabsorption later in the proximal
tubule. In the late proximal tubule, sodium is reabsorbed
primarily with Cl™. In this region, the luminal Na™-H"
antiporter works in parallel with a luminal Cl™-anion™
antiporter, and the net effect is NaCl reabsorption (H*
anion™ is recycled back and forth across the membrane).

Approximately 25% of the filtered load of sodium is
reabsorbed in the loop of Henle, primarily in the thick
ascending limb. In the thin descending and ascending
limbs of the Henle loop, sodium and Cl™ are passively
reabsorbed. In the thick ascending limb, sodium crosses
the luminal membranes via the Na™-H™ antiporter and by
an Na™-K"-2CI~ cotransporter.'?® This Na™-K"-2Cl~
cotransporter is the site of action of the loop diuretics
furosemide and bumetanide. There is a strong electro-
chemical gradient for Na™ entry across the luminal mem-
brane in this region (i.e., strongly lumen-positive
transepithelial potential difference and high luminal
sodium concentration).

Approximately 5% of the filtered load of sodium is
reabsorbed in the distal convoluted tubule and
connecting segment. In the early distal tubule (up to
the connecting segment), sodium crosses the luminal
membrane by means of an Na™-Cl~ cotransporter. This
cotransporter is inhibited by the thiazide diuretics.”

Approximately 3% of the filtered load of sodium is
reabsorbed in the collecting ducts, and this segment of
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Figure 3-1 Types of dehydration. ECF, extracellular fluid; ICF, intracellular fluid; N, normal. (Drawing by

Tim Voit.)
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Figure 3-2 Renal tubular mechanisms for the reabsorption of
sodium along the length of the nephron. (Drawing by Tim Vojt.)

the nephron is responsible for altering sodium reabsorp-
tion in response to dietary fluctuations. In the late distal
tubule (so-called connecting segment) and collecting
ducts, sodium enters passively through Na™ channels in
the luminal membranes of the principal cells.'*”>'*” This
movement of Na' generates a lumen-negative
transepithelial potential difference that facilitates CI™
reabsorption. The Na* channel in the principal cells is
blocked by the diuretics amiloride and triamterene.
One of the main effects of aldosterone is to increase the
number of open luminal Na* channels in the cortical
collecting ducts, thus altering sodium reabsorption in
response to changes in dietary sodium intake. The renal
tubular mechanisms for sodium reabsorption are
summarized in Figure 3-2.

RENAL REGULATION OF SODIUM
BALANCE

ECF volume is directly dependent on body sodium con-
tent. The body is able to sense and respond to very small
changes in sodium content. The adequacy of body

sodium content is perceived as the fullness of the
circulating blood volume. The term effective circulating
volume has been used to refer to the relative fullness of
the circulating portion of the extracellular compartment
as perceived by the body. There are several sensors in the
afferent limb of the body’s regulatory system for control
of sodium balance (see Table 3-1). Low-pressure
mechanoreceptors (i.e., volume receptors) in the cardiac
atria and pulmonary vessels and high-pressure baro-
receptors (i.e., pressure receptors) in the aortic arch
and carotid sinus play a primary role in the body’s ability
to sense the adequacy of the circulating volume. Within
the kidneys, the juxtaglomerular apparatus responds to
changes in perfusion pressure with changes in renin
production and release. Less well characterized are
receptors in the liver and the central nervous system that
may contribute to sodium homeostasis.

The kidneys constitute the primary efferent limb of
sodium control and regulate sodium balance by excreting
an amount of sodium each day equal to that ingested.
There are several overlapping control mechanisms for
regulation of renal handling of sodium. This redundancy
serves to protect against sodium imbalance should one
control mechanism fail. The two points of control for
sodium balance in the kidneys are glomerular filtration
and tubular reabsorption. Autoregulation maintains renal
blood flow and glomerular filtration rate (GFR) relatively
constant despite fluctuations in systemic arterial pressure;
thus, the filtered load of sodium is also kept relatively
constant (see Chapter 2).

Glomerulotubular Balance

Even slight changes in GFR have the potential to have
drastic effects on sodium balance if the absolute amount
of sodium reabsorbed by the tubules remains constant.
Consider a normal 10-kg dog in sodium balance with a
serum sodium concentration of 145 mEq/L and a
GEFR of 4 mL/min/kg. The daily filtered load of sodium
in this dog would be 57.6 L/day x 145 mEq/L = 8352
mEq/day. If the kidneys reabsorb 99.5% of the filtered
load of sodium (8310 mEq/day), the amount excreted
in the urine is 42 mEq/day. Consider what would happen
if there was a primary (i.e., spontaneous) increase in GFR
of only 1%, but the absolute amount of sodium
reabsorbed remained unchanged. The filtered load of
sodium would be 58.2 L/day x 145 mEq/L = 8439
mEq/day, but the amount reabsorbed would remain
8310 mEq/day. This would result in the excretion of
129 mEq/day, an amount three times that normally
excreted. Under these conditions, the dog would develop
negative sodium balance. Glomerulotubular balance
prevents this scheme of events from occurring.

If spontaneous (primary) fluctuations in GFR occur,
the absolute tubular reabsorption of filtered solutes
changes in a similar direction. Thus, the fraction of the
filtered load that is reabsorbed remains relatively constant
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despite spontancous changes in GFR. This principle is
called glomerulotubular balance, and its mechanisms
are incompletely understood.

One mechanism is related to the fact that much of the
sodium in the proximal tubules is reabsorbed along with
several other solutes (e.g., glucose, amino acids, phos-
phate, and bicarbonate). A spontancous increase in GFR
increases the filtered load of all of these solutes, and their
increased concentration in the proximal tubule enhances
sodium reabsorption. Changes in peritubular capillary
hydrostatic and oncotic pressures probably also play
an important role in glomerulotubular balance. If GFR
spontaneously increases without a change in renal plasma
flow (RPF) (i.e., the filtration fraction increases), the
blood leaving the efferent arterioles has lower hydrostatic
pressure and higher oncotic pressure, thus favoring water
and solute reabsorption in the proximal tubules (Fig. 3-3).
Autoregulation (see Chapter 2) also contributes to
glomerulotubular balance. When renal perfusion pressure
isincreased, afferent arteriolar constriction prevents trans-
mission of the increased hydrostatic pressure to the glo-
merular capillaries and minimizes any increase in GFR
and filtered solute load.

Afferent arteriole

Efferent arteriole

Bowman’s

Peritubular capi

Renal tubule

Figure 3-3 Effects of changes in Starling forces on tubular
reabsorption of water and sodium. If glomerular filtration rate
(GFR) increases without a change in renal plasma flow (RPF) (or if
RPF decreases more than GFR as may occur in dehydration), the
filtration fraction (GFR/RPF) will increase (i.e., more water and
sodium will be filtered from the glomeruli into the Bowman space).
This sequence of events will result in lower hydrostatic pressure
(Peap) and higher oncotic pressure (7c,p) in the peritubular capillaries
(downstream from the glomerular capillaries) and higher
hydrostatic pressure (Pt) and lower oncotic pressure (n1) in the
renal tubules (downstream from the Bowman space). These changes
in Starling forces will facilitate water and sodium reabsorption from
the tubular fluid into the peritubular capillaries, thus minimizing loss
of water and sodium in the urine. (Drawing by Tim Vojt.)

Ingestion of a sodium load causes thirst, water con-
sumption, and expansion of ECF volume. These events
lead to a compensatory (secondary) increase in GFR
by increasing hydrostatic pressure and decreasing oncotic
pressure in the glomerular capillaries. Increased stretching
of the afferent arterioles decreases renin secretion (and
ultimately angiotensin II production). Volume expansion
also causes increased atrial stretch, release of atrial
natriuretic peptide, and natriuresis.

There is a paradox here. How can an increase in GFR in
one situation cause an increase in the tubular reabsorption
of sodium and in another situation cause a decrease in
the tubular reabsorption of sodium? The answer to the
paradox lies in the fundamental difference between
the kidneys’ reaction to a spontaneous (primary) increase
and their reaction to a compensatory (secondary) increase
in GFR. Glomerulotubular balance is evoked in the
former but not the latter situation.

Aldosterone

Changes in renal reabsorption of sodium in response to
dietary fluctuations in sodium intake are mediated by
the hormone aldosterone, which is synthesized in the
zona glomerulosa of the adrenal cortex. The production
and release of aldosterone are stimulated by angiotensin
II, hyperkalemia, and adrenocorticotropic hormone
(ACTH). Its release is inhibited by dopamine and atrial
natriuretic peptide. Aldosterone increases sodium reab-
sorption by increasing the number and activity of
open sodium channels in the luminal membranes of the
principal cells in the collecting ducts.

Peritubular Capillary Factors
(Starling Forces)

Increased sodium intake leads to expansion of the ECF
volume and compensatory increases in both GFR and
RPF (i.e., the filtration fraction remains unchanged).
This increases hydrostatic pressure and decreases oncotic
pressure in the peritubular capillaries, thus reducing
sodium and water reabsorption in the proximal tubules.
Decreased sodium intake leads to volume contraction.
In this setting, RPF decreases more than GFR (i.e., the
filtration fraction increases). This results in decreased
hydrostatic and increased oncotic pressures in the
peritubular capillaries and enhanced proximal tubular
reabsorption of sodium and water (see Fig. 3-3).

Catecholamines

Catecholamine-induced vasoconstriction usually affects
the efferent more than the afferent arterioles. The resul-
tant increase in filtration fraction alters peritubular capil-
lary hemodynamics so as to favor water and sodium
reabsorption (i.e., decreased hydrostatic pressure and
increased oncotic pressure). Catecholamines also directly
stimulate proximal tubular sodium reabsorption through
an oy -adrenergic effect and stimulate renin release from
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the granular cells of the juxtaglomerular apparatus
through a B;-adrenergic effect. The angiotensin II ulti-
mately produced also stimulates proximal tubular sodium
reabsorption. The direct effects of catecholamines on
proximal tubular sodium reabsorption are important
because they offset the tendency of the increase in
systemic arterial pressure to cause pressure natriuresis
(see the Pressure Natriuresis section).

Angiotensin Il

Decreased perfusion pressure in the afferent arterioles
increases renin release from the granular cells of the
juxtaglomerular apparatus and initiates the cascade of
events leading to production of angiotensin II. Angioten-
sin II-induced vasoconstriction causes efferent more than
afferent arteriolar constriction, which results in an
increase in filtration fraction and changes in peritubular
capillary Starling forces (decreased hydrostatic pressure
and increased oncotic pressure) that facilitate
proximal tubular reabsorption of sodium and water (see
Fig. 3-3). Angiotensin II also directly stimulates the
Na™-H" antiporter in the proximal tubules, which
facilitates sodium reabsorption and stimulates secretion
of aldosterone from the adrenal gland.

Atrial Natriuretic Peptide

Atrial natriuretic peptide is one member of a family of
natriuretic proteins that also includes brain natriuretic
peptide (which ironically predominates in the cardiac
ventricles) and C-type natriuretic peptide in the central
nervous system.”” Atrial natriuretic peptide is synthesized
and stored in atrial myocytes until it is released in response
to atrial distention caused by volume expansion. It has a
number of effects that facilitate renal excretion of sodium.
Atrial natriuretic peptide causes dilation of the afferent
arterioles and constriction of the efferent arterioles, lead-
ing to a primary increase in the GFR. It relaxes mesangial
cells, resulting in an increase in the glomerular surface
area available for filtration. Atrial natriuretic peptide also
inhibits sodium reabsorption in the cortical and inner
medullary collecting ducts and inhibits renin secretion,
thereby decreasing production of angiotensin IT and lim-
iting the effects of angiotensin II on proximal tubular
sodium reabsorption. Finally, it inhibits aldosterone
secretion by adrenal zona glomerulosa.

Pressure Natriuresis

Renal sodium excretion and water excretion are markedly
increased when renal arterial pressure increases even
slightly without a change in the GFR. The mechanism
for pressure natriuresis appears to be entirely intrarenal
and does not require neural or endocrine input (i.e., it
occurs in the isolated denervated kidney). The eftectors
of sodium balance are summarized in Table 3-3.

REGULATION OF WATER BALANCE

The osmolality of ECF and serum sodium concentration
are regulated by adjusting water balance. Osmoreceptors
in the hypothalamus constitute the afferent limb (sensors)
for regulation of water balance. Vasopressin (antidiuretic
hormone) release is stimulated when the osmoreceptors
shrink in response to plasma hyperosmolality and is
inhibited when they swell in response to plasma hypo-
osmolality. Vasopressin (water output) and thirst (water
input) constitute the efferent limb (effectors) for the
regulation of water balance (see Table 3-1).

Vasopressin (Antidiuretic Hormone)

Vasopressin (antidiuretic hormone [ADH]) is a nine-
amino acid peptide synthesized in neurons of the supra-
optic and paraventricular nuclei in the hypothalamus
(Fig. 3-4). It travels down the axons of these neurons
and is released into the circulation at the level of the
neurohypophysis.

Vasopressin increases the reabsorption of water in the
collecting ducts of the kidneys and increases the perme-
ability of the medullary collecting ducts to urea." Vaso-
pressin attaches to V, receptors on the basolateral
membranes of the principal cells of the cortical and med-
ullary collecting ducts. The hormone-receptor complex
activates a guanine nucleotide regulatory protein (Gy),
resulting in replacement of guanosine diphosphate
(GDP) with guanosine triphosphate (GTP) and stimula-
tion of adenyl cyclase in the cell membrane. Formation of
cyclic adenosine monophosphate (cAMP) results in acti-
vation of protein kinase A, which in turn phosphorylates a
specific serine residue on subunits of the tetrameric
aquaporin 2 (AQP2) proteins found in membranes of
subapical vesicles in the cytoplasm of the principal cells.
Phosphorylation results in trafficking and insertion of
AQP2 water channels into the luminal membranes of
the principal cells.'?!'®* When vasopressin is absent or
in low concentration, AQP2 channels are removed from
the luminal membrane by endocytosis. Aquaporin 3
(AQP3) and 4 (AQP4) channels are found in the
basolateral membranes of the principals cells and repre-
sent exit pathways for water that enters the cells via the
luminal AQP2 channels. The AQP3 channel is found in
the cortical and outer medullary collecting ducts, whereas
AQP4 is located primarily in the inner medullary
collecting ducts. In the absence of vasopressin, urine
osmolality can be decreased to as low as 50 mOsm /kg
by continued reabsorption of sodium without water as
tubular fluid passes down the collecting ducts. The V4
receptors are located in vascular smooth muscle and cause
vasoconstriction when AVP binds to them. V3 receptors
are found primarily in the hypothalamus where AVP
binding leads to increased secretion of corticotropin.

The effect of vasopressin on urea reabsorption may be
important in the pathogenesis of medullary washout of
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TABLE 3-3 Effectors of Sodium Balance

Effector Stimuli for Release

Inhibitors of Release

Major Effects

Aldosterone Angiotensin II
Hyperkalemia ANP
Adrenocorticotropic hormone

Angiotensin II | Renal perfusion pressure*

Atrial natriuretic 1 Atrial stretch

peptide (ANP)

Catecholamines | Effective circulating volume

Renin | Perfusion pressure in
juxtaglomerular apparatus
Sympathetic nervous system
activity
Decreased Cl delivery to
macula densa

Dopamine

T Renal perfusion pressure*

| Atrial stretch

1 Effective circulating
volume

Angiotensin 1T ANP

Increased number and activity of luminal
Na™ channels and basolateral Na*, K
ATPase in principal cells of cortical
collecting ducts

Systemic vasoconstriction

Glomerular arteriolar vasoconstriction
(efferent > afferent)

Stimulates proximal Na™ reabsorption

Stimulates aldosterone secretion

Inhibits Na* reabsorption in parts of the
collecting duct

Directly increases glomerular filtration rate

Vasoconstriction

Glomerular arteriolar vasoconstriction

(efferent > afferent)

Increase proximal tubular Na™ reabsorption

(ot effect)

Stimulate renin release (B, effect)

Not an “effector”—an enzyme that converts

angiotensinogen to angiotensin I

Antidiuretic hormone

*Via release and action of renin.

PHE ————GLN
/ \
TYR ASN
\ / Desmopressin
CYS—S—S—CYS (1-desamino-8-D-arginine
/ \ vasopressin) (DDAVP ®)
H PRO
\
D-ARG
/
GLY —NH,
PHE ——— GLN
/ \
TYR ASN Vasopressin

(antidiuretic hormone)

\ /
LYS —S—8 —CYS\ (Pitressin®)

NH, PRO

\
L-ARG
\
GLY — NH,
Figure 3-4 Comparison of the chemical structures of
desmopressin and vasopressin. PHE, Phenylalanine; TYR, tyrosine;
GLN, glutamine; ASN, asparagine; CYS, cysteine; PRO, proline; ARG,
arginine; GLY, glycine.

solute in chronic polyuric states. Chronic diuresis can lead
to depletion of urea from the medullary interstitium by
suppression of vasopressin release and impaired urea reab-
sorption in the medullary collecting ducts. During

antidiuresis, urea may constitute more than 40% of the
medullary solute. During diuresis, however, it may con-
stitute less than 10% of the medullary solute.'”*® The uri-
nary concentrating mechanism is discussed in Chapter 2.

Stimuli for Vasopressin Release

The major stimulus for vasopressin release is hypertonic-
ity of plasma reaching the osmoreceptors of the hypothal-
amus. The threshold for vasopressin release in humans
corresponds to a plasma osmolality of 280 mOsm /kg,
and similar or slightly higher threshold values have been
observed in healthy experimental dogs.>""'3%'3” Below
this osmolality, vasopressin release is suppressed, and
urine is maximally diluted. One hour after oral adminis-
tration of water at 40 mL /kg, normal dogs developed a
mean urine osmolality of 132 mOsm/kg (range, 68 to
244 mOsm/kg).®” In humans, the release of vasopressin
is maximal at a plasma osmolality of 294 mOsm kg, and
at this plasma osmolality the thirst mechanism becomes
operative.'®” Thus, changes in plasma osmolality as small
as 1% to 2% above normal lead to maximal vasopressin
release. The gain of the system is such that a 1 mOsm/
kg increase in plasma osmolality leads to an almost 100
mOsm/kg increase in urine osmolality. The vasopressin
system curtails water excretion, but further defense
against hypertonicity requires a normal thirst mechanism
and access to water. The thirst mechanism has both
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osmoreceptors and volume receptors. The volume
receptors for the thirst mechanism are stimulated by
angiotensin II and may be under control of the renin-
angiotensin system.' %

The next most important stimulus for vasopressin
release is volume depletion sensed by baroreceptors in
the left atrium, aortic sinus, and carotid sinuses. A
decrease in blood volume of 5% to 10% lowers the thresh-
old for vasopressin release and increases the sensitivity
of the osmoregulatory mechanism (Fig. 3-5).>%1%7
Nonosmotic stimulation of vasopressin by actual or
perceived volume depletion plays a major role in the gen-
eration and perpetuation of hyponatremia in states of
true volume depletion and in some conditions (e.g., heart
failure, liver failure, nephrotic syndrome) associated with
hypervolemia (see Hypovolemic Hyponatremia and
Hypervolemic Hyponatremia sections).

Other stimuli for vasopressin release include nausea,
pain, and emotional anxiety. Many drugs and some elec-
trolyte disturbances affect the release and renal action of
vasopressin. The effects of some of these are depicted in
Figure 3-6.

Role of the Kidneys in Water Balance

Three conditions must be met for the kidneys to excrete a
water load normally. First, there must be adequate deliv-
ery of tubular fluid to distal diluting sites (ascending limb
of Henle’s loop) where NaCl is removed without water,
rendering the tubular fluid hypotonic to the medullary
interstitium. Adequate distal delivery requires a normal
RPF, normal GFR, and normal isosmotic reabsorption

50 4
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Volume
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: 4

20- 73\

Volume
expansion

Normal range

Plasma vasopressin (pg/mL)
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Figure 3-5 Relationship between plasma osmolality and plasma
vasopressin concentration. Volume depletion lowers the threshold

for vasopressin release and increases the sensitivity of the
osmoregulatory system, whereas volume expansion has the
opposite effect. (Drawing by Tim Vojt.)

of sodium and water from the proximal tubules mediated
by aquaporin 1 (AQP1) channels in the luminal and
basolateral membranes of these cells. In the presence of
volume depletion, RPF is usually decreased more than
the GFR, and enhanced proximal tubular reabsorption
of sodium and water may result from changes in
postglomerular hemodynamics (see Fig. 3-3). These
factors may prevent adequate distal delivery of tubular
fluid for dilution.

Second, the ascending limb of Henle’s loop must
function normally. That is, NaCl must be removed
from this segment of the nephron without water.
Loop diuretics (e.g., furosemide and ethacrynic acid)
impair NaCl removal from this portion of the nephron,
and some interstitial renal diseases may disrupt the nor-
mal architecture of this region, leading to impaired dilu-
tion of tubular fluid in the ascending limbs of Henle’s
loop.

Last, in the absence of vasopressin, the collecting ducts
must remain impermeable to water throughout their
course. If any of these conditions is not met, a disorder
of water excretion and a state of ECF hypotonicity and
hyponatremia may result.

In the absence of vasopressin, the collecting ducts
remain impermeable to water, the urine becomes maxi-
mally dilute, and polyuria develops. Hypertonicity and
hypernatremia occur if the animal is unable to drink
enough water to balance the tremendous loss of water
in the urine. Hypertonicity and hypernatremia also may
develop in states of osmotic diuresis (e.g., diabetes
mellitus, mannitol administration, chronic renal failure,
postobstructive diuresis). Urine osmolality approaches
plasma osmolality during osmotic diuresis, and the solute
responsible for the diuresis displaces sodium and other
electrolytes in urine.”' Hypertonicity develops to the
extent that displaced sodium remains in the ECF.

Defense Against Hypotonicity

It is crucial to the survival of the animal that the brain be
protected against changes in plasma tonicity, because an
increase in brain water content of more than 10% is
incompatible with life."®" The fact that animals with
chronic hyponatremia may have serum sodium
concentrations that are 10% or more below normal attests
to the brain’s ability to adapt to hypotonicity. For exam-
ple, based on osmotic considerations alone, a decrease in
serum sodium concentration from 145 to 132 mEq/L
would correspond to an increase in intracellular water
of 10%. During acute hypotonicity, water moves into
the brain. The increase in hydrostatic pressure in the
interstitial compartment of the brain immediately forces
sodium-containing ECF into the cerebrospinal fluid. This
movement of fluid out of the brain occurs within minutes
and limits the change in brain water content to much less
than would be anticipated based on osmotic
considerations alone.'®' During the first 24 hours of
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Figure 3-6 Effects of selected drugs and electrolytes on vasopressin release and action. AC, Adenyl cyclase;
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hypotonicity, movement of potassium out of cells also
contributes substantially to the protection of the brain
from an acute decrease in plasma osmolality. After 24
to 48 hours, a reduction in the cellular content of organic
solutes contributes to the brain’s defense against hypoto-
nicity. These organic osmolytes are substances that can be
used by cells to maintain intracellular tonicity without
having adverse effects on cellular metabolism and include
amino acids (e.g., taurine, glutamate, and glutamine),
methylamines (e.g., phosphocreatine), and polyols
(e.g., myoinositol).®'3* The very devices that protect
the brain against plasma hypotonicity predispose it to
injury when hyponatremia is corrected. Solutes lost dur-
ing adaptation must be recovered, and this process
requires several days. If correction of hyponatremia pro-
ceeds more quickly than recovery of lost solutes can

occur, a devastating complication of treatment called
osmotic demyelination syndrome (myelinolysis) may
occur (see Treatment of Hyponatremia section).

CLINICAL APPROACH TO THE
PATIENT WITH
HYPERNATREMIA

Hypernatremia is less common than hyponatremia.
Intense thirst normally protects against development of
hypernatremia unless water is not available or a neuro-
logic disorder is present that either prevents access to
water or interferes with recognition of thirst. All clinical
conditions associated with hypernatremia reflect
hyperosmolality and hypertonicity of the ECF if the sol-
ute in question is impermeant. A deficit of pure water, loss
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Causes of
Hypernatremia

Pure Water Deficit
Primary hypodipsia (e.g., in miniature schnauzers)
Diabetes insipidus
Central
Nephrogenic
High environmental temperature
Fever
Inadequate access to water

Hypotonic Fluid Loss
Extrarenal
Gastrointestinal
Vomiting
Diarrhea
Small intestinal obstruction
Third-space loss
Peritonitis
Pancreatitis
Cutaneous
Burns
Renal
Osmotic diuresis
Diabetes mellitus
Mannitol infusion
Chemical diuretics
Chronic renal failure
Nonoliguric acute renal failure
Postobstructive diuresis

Impermeant Solute Gain
Salt poisoning
Hypertonic fluid administration
Hypertonic saline
Sodium bicarbonate
Parenteral nutrition
Sodium phosphate enema
Hyperaldosteronism
Hyperadrenocorticism

of hypotonic fluids, or gain of sodium can cause hyperto-
nicity of the ECF and hypernatremia. The causes of
hypernatremia are listed in Box 3-1, and the clinical
approach to the patient with hypernatremia is outlined
in Figure 3-7.

PURE WATER LOSS

When a deficit of pure water develops, the ECF becomes
hypertonic in relation to the intracellular fluid (ICF), and
osmotic forces cause movement of water from the intra-
cellular to the extracellular compartment. The result is
that the volume loss is shared proportionately between
the extracellular and intracellular compartments. Approx-
imately two thirds of the volume loss comes from the
intracellular compartment and one third from the extra-
cellular compartment. Plasma volume is one fourth of the

ECF, and thus one twelfth of the volume loss (Y4 x 13) is
derived from the intravascular space. The oncotic
pressure generated by plasma proteins favors retention
of water within vessels, and the plasma compartment
may not share proportionately in the volume loss.*' As
a result of these factors, volume depletion is usually not
a clinical feature of pure water loss. It is almost impossible
for a conscious animal with an intact thirst mechanism
and access to water to develop hypertonicity caused by
pure water loss. Thus, hypertonicity associated with pure
water loss usually implies that water intake has been
defective.

Consider a normal 10-kg dog with a serum osmolality
of 300 mOsm /kg. We assume that TBW is 60% of body
weight, with 40% being intracellular and 20% extracellu-
lar, and that the major extracellular (i.e., NaCl) and intra-
cellular (i.e., KCI) solutes are impermeant. The number
of osmoles of solute in ECF would be 2L x 300
mOsm/kg = 600 mOsm, and the number in ICF would
be 4 L x 300 mOsm/kg = 1200 mOsm. Without access
to drinking water, a loss of 1 L of pure water from ECF
would cause water to move from ICF to ECF so as to
cqualize osmolality between the compartments
according to the following equation:

New ECF osmolality = new ICF osmolality
600 mOsm/(1 + x) L = 1200 mOsm/(4 — x)L.

where x is the volume of water moving between
compartments:

600(4 — x) = 1200(1 — x)
x=067L

The new volumes and osmolalities are:

ECF: 600 mOsm/1.67L =
ICF: 1200 mOsm/3.33L =

360 mOsm /kg
360 mOsm/kg

Note that the intracellular compartment has lost an
amount equal to two thirds of the water deficit
(0.67 L) and that the final ECF volume (1.67 L) is lower
than the original volume (2 L) by an amount equal to one
third of the total water deficit (0.33 L). Thus, the two
compartments have shared proportionately in the water
loss. These changes are depicted in Figure 3-8.

Development of a pure water deficit is uncommon in
small animal medicine. The main causes of hypertonicity
related to pure water deficit are hypodipsia, caused by
neurologic disease, and diabetes insipidus, which
represents abnormal renal loss of water. Other causes of
pure water deficit include respiratory losses during expo-
sure to high environmental temperature (e.g., panting),
fever, and inadequate access to water (e.g., frozen water
bowl, inattentive owner).
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Increased serum sodium concentration
(>155 mEg/L in dogs; >162 mEg/L in cats)

Evaluation of volume status

Hypervolemia Normovolemia Hypovolemia

Impermeant Pure water .
. - Hypotonic loss
solute gain deficit
R
Salt poisoning Primary hypodipsia Extrarenal Renal
Hyperaldosteronism Central diabetes insipidus (FCna <1%) (FCna >1%)
Hypertonic fluid Nephrogenic diabetes
administration insipidus Gastrointestinal Appropriate
High environmental * Vomiting * Osmotic diuresis
temperature ¢ Diarrhea (mannitol, hyperglycemia)
Fever * Small intestinal * Chemical diuresis
Inadequate access to water obstruction (furosemide, ethacrynic acid)

Third space loss
* Pancreatitis

Inappropriate
* Chronic renal failure

* Peritonitis * Nonoliguric acute renal failure
* Post-obstructive diuresis

Cutaneous

* Burns

The following clinical information suggests hypovolemia: a history of hypotonic losses (e.g., vomiting, diarrhea), decreased skin
turgor, dry mucous membranes, delayed capillary refill time, tachycardia, flat jugular veins, systemic hypotension, low central
venous pressure. Hypervolemic patients may develop pulmonary edema, especially those with underlying cardiac disease.

Figure 3-7 Clinical approach to the patient with hypernatremia. FCy,, Fractional clearance of sodium.

Rarely, chronic hypernatremia may occur in fully con-
scious animals that have access to water. In these cases,
abnormal osmoregulation of ADH release caused by
underlying hypothalamic lesions results in hypodipsia.
Animals that are unable to obtain water because central
nervous system disease has resulted in an altered senso-
rium may also be hypernatremic; but in these instances,
the hypernatremia is simply a result of water deprivation.
Hypodipsic hypernatremia related to defective osmoreg-
ulation of ADH has been reported in a dog with hydro-
cephalus and normal pituitary function.®’ In normal
individuals, administration of hypertonic saline increases
plasma osmolality and simultaneously causes volume
expansion. Osmoreceptors are stimulated by hyperos-
molality but inhibited by volume expansion. Normally,
the response to hyperosmolality takes precedence, and
ADH secretion increases, resulting in decreased urine vol-
ume and increased urine osmolality. The affected dog
experienced increased urine volume and decreased urine
osmolality in response to an infusion of hypertonic saline,
indicating defective osmoreceptor function as observed
in human patients with hypodipsic hypernatremia. Simi-
larly, destruction of osmoreceptors in the hypothalamus
was thought to be responsible for adipsia and
hypernatremia in a dog with focal granulomatous menin-
goencephalitis.'®* Weakness and polymyopathy have
been reported in a young cat with hypodipsia,
hypernatremia, and hypertonicity associated with hydro-
cephalus and hypopituitarism, and hypernatremia,

adipsia, and diabetes insipidus have been observed in a
young dalmatian dog with dysplasia of the rostral dien-
cephalon.®** Hypernatremia also has been reported in a
dog® and cat'!'® with central nervous system lymphoma.
Hypodipsia, hypernatremia, and hypertonicity caused
by an abnormal thirst mechanism have been reported in
young female miniature schnauzers and in a young Great
Dane 277076112159 Ope  miniature schnauzer with
hypodipsic hypernatremia had severe behavioral
disturbances, and holoprosencephaly was found at nec-
ropsy.'®* Another had dysgenesis of the corpus callosum
and other forebrain structures.''? Grossly visible neuro-
anatomic abnormalities were not identified in a previous
report.””  Whether a spectrum of neuroanatomic
abnormalities exists in these dogs (which appear to have
a form of congenital adipsic hypernatremia) is not known.
Infusion of hypertonic saline has been shown to lead to an
increase in urine volume and a decrease in urine osmolal-
ity compatible with defective osmoregulation of ADH.?”
Clinical signs in affected dogs are associated with hyper-
tonicity and include anorexia, lethargy, weakness,
disorientation, ataxia, and seizures. Affected dogs can
be managed clinically by addition of water to their food,
but hypernatremia and neurologic dysfunction recur
whenever water supplementation is discontinued. In a
Norwegian elkhound with adipsic hypernatremia, the
adipsia resolved spontaneously at 2 years of age,®* and
an adipsic Labrador retriever with hypothyroidism
responded to treatment with levothyroxine.®!
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Figure 3-8 Effect of loss of | L of water on volume and tonicity of
extracellular fluid (ECF) and intracellular fluid (ICF). (Drawing by
Tim Vojt.)

Central or pituitary diabetes insipidus (CDI) is caused
by a partial or complete lack of vasopressin production
and release from the neurohypophysis.®® It may result
from trauma or neoplasia or may be idiopathic in dogs
and cats.* Visceral larva migrans also has been reported
to cause CDI in a dog.”® In one dog with hypernatremia,
hypertonicity, and gastric dilation-volvulus, CDI was
present and caused by neurohypophyseal atrophy second-
ary to a cystic craniopharyngeal duct.*® Congenital CDI
is rare®®®%1% but has been reported in two sibling
Afghan pups.'®! Traumatic CDI may be transient in
nature. Hypophysectomy for treatment of hyperadreno-
corticism results in transient CDI that may take several
weeks to resolve.'®? Marked hypernatremia occurs in
dogs in the first 24 hours after hypophysectomy and
can be prevented by prophylactic treatment with
desmopressin (DDAVP).°* In the month after surgery,
serum sodium concentrations in control dogs were not
markedly different from those observed in the DDAVDP-

*References 4, 18, 29, 45, 57, 58, 72, 106, 119, 120, 130, 133, 140.

treated group, suggesting that the dogs with untreated
CDI drank sufficient water to maintain relatively normal
plasma osmolality. The transient nature of CDI after
hypophysectomy may result from the fact that some of
the vasopressin-producing neurons from the hypothala-
mus terminate in the median eminence.

Animals with CDI have severe polydipsia and polyuria.
Their urine typically is hyposthenuric (urine osmolality,
60 to 200 mOsm/kg), but urine osmolality may
approach 400 to 500 mOsm /kg in the presence of dehy-
dration. Variability in USG and urine osmolality values at
the time of presentation in dogs and cats with diabetes
insipidus presumably is related to hydration status and
severity of vasopressin deficiency. In one study, dogs were
classified as having complete or partial CDI based on the
magnitude of increase in their USG and urine osmolality
after induction of 5% dehydration.®® Dogs with complete
CDI had USG values of 1.001 to 1.007 that did not
change substantially after induction of 5% dehydration,
whereas dogs with partial CDI had USG values of
1.002 to 1.016 that increased to 1.010 to 1.018 after
induction of 5% dehydration. In both groups, there was
a substantial (>50%) increase in USG 2 hours after
administration of 1 to 5 U of aqueous arginine vasopres-
sin. Affected dogs responded well to administration of
DDAVP acetate (1 to 2 drops in both eyes every 12 to
24 hours), but the prognosis was dependent on the
underlying cause of CDI. Many older dogs with CDI
had tumors in the region of the pituitary gland and devel-
oped neurologic signs.

Increased plasma osmolality and hypernatremia may
occur in dogs and cats with CDI. These results suggest
that some affected dogs and cats do not obtain enough
water to maintain water balance and are presented in a
hypertonic state. Severe hypernatremia and neurologic
dysfunction may occur if the animal cannot maintain ade-
quate water intake.’®'*3 In contrast, with psychogenic
polydipsia, plasma osmolality and serum sodium concen-
tration may be lower than normal at presentation.”!
Administration of vasopressin leads to an increase in urine
osmolality or specific gravity in dogs and cats with CDI,
but the initial response may be less than expected because
of renal medullary washout of solute. In one study, USG
values increased to 1.018 to 1.022 after vasopressin
administration in dogs with complete CDI and to
1.018 to 1.036 in dogs with partial CDI.®®

Treatment with vasopressin restores medullary hyper-
tonicity and normal urinary concentrating ability. Histor-
ically, vasopressin tannate in oil (pitressin tannate) has
been used to treat CDI in small animal practices.
The dosage is 3 to 5 U for dogs or 1 to 2 U for cats given
intramuscularly or subcutaneously every 24 to 72 hours as
needed to control polyuria and polydipsia. To avoid the
possibility of water intoxication, it is reccommended that
the treatment interval be determined by recurrence of
polyuria. This productis nolonger commercially available.
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DDAVP is a structural analogue of vasopressin (see
Fig. 3-4) that has a more potent antidiuretic effect than
vasopressin but a minimal vasopressive effect and is
relatively resistant to metabolic degradation. DDAVP is
available as a nasal spray (0.1 mg/mL), injectable solu-
tion (4 pg/mL), or tablet for oral administration (0.1
and 0.2 mg). The injectable solution is much more
expensive than the nasal spray, and the nasal spray has
been used subcutaneously in dogs and in a cat with
CDI at a dosage of 1 pg/kg without adverse effects.®%”
Polyuria and polydipsia in a cat with CDI were controlled
with 1 pg/kg administered subcutaneously every 12
hours or 1.5 pg/kg administered conjunctivally every
8 hours. One drop of the nasal spray contains 1.5 to
4 pg of DDAVY, and the duration of effect varies from
8 to 24 hours.*? In humans, the bioavailability of DDAVP
after oral administration was 0.1% as compared with 3% to
5% after intranasal administration, and gastrointestinal
absorption was improved when it was given in a fasted
state.*®13¢ In dogs, an antidiuretic effect was observed
even after orally administered doses as low as 50 ug.'°

Chlorpropamide is a sulfonylurea hypoglycemic agent
that potentiates the renal tubular effects of small amounts
of vasopressin and may be useful in management
of animals with partial CDI. Its effect may occur by
up-regulation of ADH receptors in the kidneys.*> The
recommended dosage of chlorpropamide is 10 to
40 mg/kg/day orally, and hypoglycemia is a potential
adverse effect. It has been useful in the management of
CDI (up to 50% reduction in urine output) in some
reports but not in others, possibly because some animals
have partial and some have complete CDI.5¢-1%¢

In the broadest sense, the term nephrogenic diabetes
insipidus (NDI) may be used to describe a diverse group
of disorders in which structural or functional
abnormalities interfere with the ability of the kidneys to
concentrate urine (Box 3-2).'*?° Congenital NDI is a
rare disorder in small animal medicine.'*%%%° Affected
animals are presented at a very young age for severe poly-
uria and polydipsia. In reported cases, urine osmolality
and specific gravity have been in the hyposthenuric range.
Affected animals show no response to water deprivation
testing, exogenous vasopressin administration, or
hypertonic saline infusion. In one case report, the plasma
vasopressin concentration was markedly increased.®®
Congential NDI in human patients can arise from
mutations in the V, receptor (X-linked recessive inheri-
tance) or from mutations in the AQP2 channel (autosomal
recessive inheritance). Low affinity V, receptors were
thought to be responsible for congenital NDI in a family
of Siberian huskies.'*?

Thiazide diuretics (chlorothiazide 20 to 40 mg/kg
every 12 hours or hydrochlorothiazide 2.5 to 5.0 mg/kg
twice a day) have been used to treat animals with CDI and
NDI. Diuretic administration results in mild dehydra-
tion, enhanced proximal renal tubular reabsorption of

Causes of Nephrogenic
Diabetes Insipidus

Congenital (primary)
Acquired (secondary)
Functional

Drugs
Glucocorticoids
Lithium
Demeclocycline
Methoxyflurane
Escherichia coli endotoxin (e.g., pyelonephritis,

pyometra)

Diuretics

Electrolyte disturbances
Hypokalemia
Hypercalcemia

Altered medullary hypertonicity
Hypoadrenocorticism

Multifactorial or unknown mechanism
Hepatic insufficiency
Hyperthyroidism
Hyperadrenocorticism

Postobstructive diuresis

Acromegaly

Structural

Medullary interstitial amyloidosis (e.g., in cats,
SharPei dog)

Polycystic kidney disease

Chronic pyelonephritis

Chronic interstitial nephritis

sodium, decreased delivery of tubular fluid to the distal
nephron, and reduced urine output. Thiazides have been
reported to result in a 20% to 50% reduction in urine out-
put in dogs with NDI and in cats with CDI.!3-18:86.90.154
In other reports, thiazides were reported to be ineffective
in reducing urine output in a dog and a cat with CDI.>”-"2
Restriction of dietary sodium and protein reduces the
amount of solute that must be excreted in the urine each
day and thus further reduces obligatory water loss and
polyuria. A low-salt diet and hydrochlorothiazide
(2 mg/kg orally twice a day) were used successtully to
manage a dog with congenital NDI for 2 years.'®* The
dog’s water consumption decreased from an average of
approximately 900 mL /kg/day to 200 mL /kg/day with
treatment.

HYPOTONIC FLUID LOSS

When hypotonic fluid is lost from the extracellular com-
partment, the osmotic stimulus for water to move from
the intracellular to the extracellular compartment is less
than the stimulus for water movement created by pure
water loss. Thus, hypotonic losses cause a greater reduc-
tion in the ECF volume, and the animal is more likely to
show clinical signs of volume depletion (e.g., tachycardia,
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weak pulses, and delayed capillary refill time). As the
tonicity of the fluid lost increases toward the normal
tonicity of ECF, the volume deficit of the extracellular
compartment becomes progressively more severe
(Fig. 3-9). In the case of isotonic losses, no osmotic stim-
ulus for water movement is present. The entire loss is
borne by the extracellular compartment, and
hypovolemic shock may occur if the loss has been of suf-
ficient magnitude (e.g., severe hemorrhage).

Consider what would occur in the previous example if
our 10-kg dog had suffered a loss from the extracellular
compartment of 1 L of fluid with an osmolality of 150
mOsm/kg. Such a loss would leave 450 mOsm of solute
and 1 L of water in the extracellular compartment. Once
again, water moves from the intracellular to the extracel-
lular compartment until the osmolality has been
equalized. Thus:

New ECF osmolality = new ICF osmolality
450 mOsm/(1 +x) L = 1200 mOsm/(4 — x)L

where x is the volume of water moving between
compartments:

450(4 —x) = 1200(1 +x)
X =0.36L

The new volumes and osmolalities are:

ECF: 450 mOsm/1.36 L =
ICF: 1200 mOsm/3.64 L

330 mOsm/kg
330 mOsm/KG

Note that the extracellular volume deficit is more severe
than in the previous example of pure water loss (0.64 Lvs.
0.33 L). These changes are depicted in Figure 3-10.
The more closely the fluid lost approximates ECF in
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Figure 3-9 Magnitude of extracellular fluid (ECF) volume deficit
caused by loss of | L of fluid of varying tonicity.

tonicity, the greater the volume loss from the ECF
compartment.

For simplicity, these examples are based on many
assumptions that in reality may not be true. For example,
TBW is not 60% of body weight in all individuals, the
number of osmoles in the ECF may have been altered
by electrolyte losses not detected clinically, the effects
of hydrostatic forces resulting from extracellular volume
depletion have not been considered, some solutes may
not be strictly impermeant, and compensatory physio-
logic responses have not been considered. Nonetheless,
such calculations are helpful in understanding the patho-
physiology of hypertonic states, and they provide useful
clinical approximations.

Hypotonic fluid losses are the most common type
encountered in small animal medicine. They may be clas-
sified as extrarenal (e.g., gastrointestinal, third-space loss,
and cutaneous) or renal. Causes of gastrointestinal losses
include vomiting, diarrhea, and small intestinal obstruc-
tion; causes of third-space losses include pancreatitis
and peritonitis. Cutaneous losses are usually not clinically

ECF ICF
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330 330
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Figure 3-10 Effect of loss of | L of hypotonic fluid (150 mOsm/
kg) on volume and tonicity of extracellular fluid (ECF) and
intracellular fluid (ICF). (Drawing by Tim Vojt.)
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important in dogs and cats. Eccrine sweat glands are
limited to the foot pads and serve no thermoregulatory
function, and burns are encountered uncommonly in
small animal practice. Renal losses may result from
osmotically (e.g., diabetes mellitus, mannitol) or chemi-
cally (e.g., furosemide, corticosteroids) induced diuresis
or from defective urinary concentrating ability related
to intrinsic renal disease (e.g., chronic renal failure,
nonoliguric acute renal failure, postobstructive diuresis).

GAIN OF IMPERMEANT SOLUTE

Gain of impermeant solute is uncommon in small animal
medicine. The addition of a sodium salt to ECF causes
hypernatremia, whereas gain of an impermeant solute
that does not contain sodium (e.g., glucose and manni-
tol) initially causes hyponatremia because water is drawn
into ECF. However, hypernatremia occurs as osmotic
diuresis develops because urine osmolality approaches
plasma osmolality and the sodium-free solute replaces
sodium in urine. The sodium displaced from urine
remains in the ECF and contributes to hypernatremia.

The development of hypertonicity as a result of excessive
salt ingestion is unlikely if the animal in question has an
intact thirst mechanism and access to water. The addition
ofimpermeant solute without water expands the extracellu-
lar compartment at the expense of the intracellular com-
partment as water moves from ICF to ECF to equalize
osmolality. This volume overload may lead to pulmonary
edema if the patient has underlying cardiac disease.

Consider again our example of the 10-kg dog. The
addition of 200 mOsm of solute to the ECF without
any water would be equivalent to ingestion of 5.85 g of
sodium chloride (5.85 g NaCl = 100 mmol Na and
100 mmol Cl). The addition of this impermeant solute
to ECF causes movement of water from the intracellular
to extracellular compartments until osmolality has been
equalized. Thus:

New ECF osmolality = new ICF osmolality
800 mOsm/(2 +x) L = 1200 mOsm/(4 — x)L

where x is the volume of water moving between
compartments:

800(4 — x) =1200(z + x)
x=04L

The new volumes and osmolalities are:

ECF: 800 mOsm/24L =
ICF: 1200 mOsm/3.6L =

333 mOsm/kg
333 mOsm/kg

Note that ECF volume has been expanded by 0.4 L and
that this volume has been derived from ICF. In the normal
animal, this expansion of the extracellular compartment

200 mOsm
(5.85g NaCl) ECF ICF
e 0o 0 O " 0—0—-0——-0-10—0-—0—0—-0—-0-—-0—0
e o 0 0 ':LY
e o 0o ==

2L

300 300
2.4 L :.; 3.6L

333 333

mOsm/Kg mOsm/Kg
Figure 3-11 Effect of addition of 200 mOsm solute (5.85 g NaCl)
on volume and tonicity of extracellular fluid (ECF) and intracellular
fluid (ICF). (Drawing by Tim Vojt.)

leads to natriuresis, and the volume deficit is repaired by
ingestion of water in response to plasma hyperosmolality.
These changes are depicted in Figure 3-11.

In one report of salt poisoning in dogs, a defective
water softener resulted in delivery of drinking water
containing 10% sodium chloride as compared with nor-
mal tap water containing less than 0.1%.”® The affected
dogs developed progressive ataxia, seizures, prostration,
and death. Their serum sodium concentrations ranged
from 185 to 190 mEq/L. Histopathology showed focal
areas of perivascular hemorrhage and edema in the mid-
brain. In another case report, presumptive salt poisoning
resulted from ingestion of seawater and subsequent
restriction of fresh drinking water.?® Another dog devel-
oped fatal hypernatremia after it ingested a large amount
of a salt-flour mix.®* After ingestion of a salt-flour figu-
rine, the dog began vomiting and developed polyuria
and polydipsia. The owner removed the dog’s water
source, and it ingested more of the salt-flour mix.
Seizures, pyrexia, and sinus tachycardia developed, and
the serum sodium concentration reached 211 mEq/L.

Approximately 22% of dogs that ingest paintballs
(which may contain polyethylene glycol, glycerol, and
sorbitol) develop hypernatremia.®? Hyperchloremia and
hypokalemia also are reported. Clinical signs include
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vomiting, ataxia, diarrhea, and tremors. These ingredients
act as osmotic laxatives, causing a shift in water from the
tissues into the lumen of the bowel and resulting in
hypernatremia. Warm water enemas may facilitate
removal of paintball ingredients from the bowel, but
activated charcoal products generally should not be used
because they may contain sorbitol. Depending on the
duration of onset, 5% dextrose in water (acute onset) or
0.45% NaCl (unknown onset) can be administered to
gradually correct hypernatremia. Parenteral fluids can
be supplemented with potassium chloride if serum
potassium concentration decreases below 2.5 mEq/L.
Therapeutic administration of hyperosmolar solutions
containing large amounts of sodium during cardiac
resuscitation can cause hypernatremia and hypertonicity
(e.g., hypertonic saline, sodium bicarbonate). For exam-
ple, serum sodium concentration reached 174 mEq/L
within 15 minutes after beginning infusion of 7.2% NaCl
at a rate of 15 mL/kg in normal beagles.? Sodium phos-
phate enemas may also result in mild hypernatremia.?
Primary hyperaldosteronism also may be associated with
hypernatremia. It is rare in dogs, but several cases
have been reported in cats (see Chapter 5 ). Mild
hypernatremia also may occur in dogs with
hyperadrenocorticism.'?'-128

CLINICAL SIGNS OF
HYPERNATREMIA

The clinical signs of hypernatremia primarily are neuro-
logic and related to osmotic movement of water out of
brain cells. A rapid decrease in brain volume may cause
rupture of cerebral vessels and focal hemorrhage. The
severity of clinical signs is related more to the rapidity
of onset of hypernatremia than to the magnitude of
hypernatremia. In dogs and cats, clinical signs of
hypernatremia are observed when the serum sodium
concentration exceeds 170 mEq/L.6®7%8%133 If
hypernatremia develops slowly, the brain has time to adapt
to the hypertonic state by production of intracellular
solutes (e.g., inositol and amino acids) called osmolytes
or idiogenic osmoles. These substances prevent dehy-
dration of the brain and allow patients with chronic
hypernatremia to be relatively asymptomatic.

Where described in dogs and cats, clinical signs of
hypernatremia and hypertonicity have included anorexia,
lethargy, vomiting, muscular weakness, behavioral
change, disorientation, ataxia, seizures, coma, and
death.* If hypotonic losses are the cause of hypernatremia,
clinical signs of volume depletion (e.g., tachycardia, weak
pulses, and delayed capillary refill time) may be observed
on physical examination. If hypernatremia has developed
as a result of a gain of sodium, signs of volume overload
(e.g., pulmonary edema) may be observed, especially in

*References 5, 23, 27, 31, 34, 78, 84, 133, 159.

patients with underlying cardiac disease. Patients with
CDIor NDI typically are presented for evaluation of severe
polydipsia and polyuria.

TREATMENT OF
HYPERNATREMIA

The main goals in treating patients with hypernatremia
are to replace the water and electrolytes that have been
lost and, if necessary, to facilitate renal excretion of excess
sodium. The first priority in treatment should be to
restore the ECF volume to normal. The next priority is
to diagnose and treat the underlying disease responsible
for the water and electrolyte deficits.

PURE WATER LOSS

Total body solute (TBS) is the product of TBW and
plasma osmolality ( Psgpy,). If a patient’s fluid loss has been
limited to pure water, the following relationship is true:

TBS(present) = TBS(previous)
TBW (present) X Pogm(present) = TBW (previous)

X Posm (previous)

If we assume that body water (TBW) is 60% of body
weight measured in kilograms (Wt) and that 2.1 x Py,
is an estimate of Pygy:

2.1 x Pna(present) x 0.6 x Wt(present)
= 2.1 x Pxa(previous) x 0.6 Wt(previous)

This equation reduces to:

Pna(present) x Wt(present) =

Pna(previous) x Wt(previous)

Pna(present) x Wt(present)

Wt(previous) = Pre(previous)

The water deficit is the difference between the previous
and present body weights:

Wt(previous) — Wt(present) =
Pna(present) x Wt(present)

- Wt t
Pxa (previous) (present)

or

Prna t
Wt(present) x Pra(present) resen ) _ 1
Pna(previous)

Consider a previously normal dog that has been deprived
of water for several days. The dog weighs 10kg at
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presentation, and its serum sodium concentration is 170
mEq/L. Assuming a previously normal serum sodium con-
centration of 145 mEq/L, the dog’s water deficit can be
calculated:

P t
Water deficit = Wt(present) x M -1
Pna(previous)
. 170
Water deficit = 10 x 45~ 1] =172L

The original estimates of TBW and serum sodium con-
centration may be modified based on information avail-
able to the clinician at presentation. For example, if the
dog’s normal serum sodium concentration is known from
a previous admission, this value can be substituted in
place of 145 mEq/L. If the dog’s previous normal body
weight is known, the water deficit may simply be
estimated as the difference between the previous and
present body weights. The assumption inherent in the lat-
ter calculation is that the patient has not gained or lost tis-
sue mass. For a short period, this is a reasonable
assumption because loss of 1 kg of tissue mass requires
an expenditure of approximately 1600 kcal. This caloric
expenditure would require fasting for 2 to 3 days in a nor-
mal 10-kg dog with a basal energy requirement of
approximately 700 kcal.

A pure water deficit can be replaced by giving 5% dex-
trose in water intravenously. This solution technically is
only slightly hypotonic to plasma (278 mOsm/kg), but
the glucose ultimately enters cells and is metabolized so
that administration of 5% dextrose is equivalent to admin-
istration of water. The water deficit must be replaced and
hypernatremia corrected slowly over 48 hours. The brain
adapts to hypertonicity by the production of osmolytes or
idiogenic osmoles that prevent cellular dehydration.
Excessively rapid lowering of the serum sodium concen-
tration may result in movement of water into brain cells
and development of cerebral edema. In human patients
with hypernatremia of chronic or unknown duration, cor-
rection of the serum sodium concentration at a rate of less
than 10 to 12 mEq/L per 24 hours minimizes the risk of
neurologic complications related to water intoxica-
tion.®'®? The animal’s serum sodium concentration
should be monitored serially during replacement of the
water deficit.

HYPOTONIC LOSS

As described earlier, hypotonic losses cause more severe
extracellular volume contraction than do losses of pure
water. As the tonicity of the fluid lost approaches the
tonicity of ECF, the extracellular volume deficit becomes
greater (see Fig. 3-9). As a result, signs of volume deple-
tion are more likely with hypotonic losses, and the

original replacement fluid should be isotonic so that
extracellular volume repletion can proceed rapidly.

In the presence of hemorrhagic shock, whole blood,
plasma, or a colloid solution is the ideal fluid to adminis-
ter. The hemoglobin in whole blood improves oxygen-
carrying capacity. The plasma proteins in whole blood
and plasma or the dextrans in a colloid solution increase
and maintain intravascular volume by increasing oncotic
pressure. In many animals that have experienced severe
hypotonic losses over an extended time period, replace-
ment of the ECF volume with an isotonic crystalloid solu-
tion (e.g., 0.9% NaCl and lactated Ringer’s solution) is
adequate. A volume up to four times the suspected intra-
vascular deficit may be required because the isotonic crys-
talloid solution distributes rapidly throughout the ECF
compartment (ECF volume is four times intravascular
volume). After the extracellular volume has been
expanded, hypotonic fluids (e.g., 0.45% NaCl and half-
strength lactated Ringer’s solution) can be administered
to provide fluids for maintenance needs and ongoing
losses (see Chapter 14).

GAIN OF IMPERMEANT SOLUTE

The patient with an excess of sodium-containing
impermeant solute in the ECF can be treated by admin-
istration of 5% dextrose intravenously. The main disad-
vantage of this approach is that it causes further
expansion of the extracellular compartment in a patient
already suffering from ECF volume expansion. In an ani-
mal with normal cardiac and renal function, this volume
expansion leads to diuresis and natriuresis, and ECF vol-
ume returns to normal. In an animal with underlying car-
diac disease or oliguria related to primary renal disease,
this approach may lead to development of pulmonary
edema. Administration of a loop diuretic (e.g., furose-
mide and ethacrynic acid) promotes excretion of the
existing sodium load and hastens return of ECF volume
to normal. As in the case of pure water deficit, it is essen-
tial that fluid administration proceeds slowly and that
serum sodium concentration be lowered gradually over
48 hours to avoid neurologic complications.

CLINICAL APPROACH TO THE
PATIENT WITH
HYPONATREMIA

The presence of hyponatremia usually, but not always,
implies hypoosmolality. Thus, the first step in the
approach to the patient with hyponatremia is to deter-
mine whether hypoosmolality of the ECF is present. This
can be determined by measurement of plasma osmolality.
The evaluation of hyponatremia then may be approached
using the patient’s plasma osmolality as a guide. This
approach is outlined in Fig. 3-12, and the causes of
hyponatremia are listed in Box 3-3.
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Decreased serum sodium concentration
(<140 mEg/L in dogs; <149 mEg/L in cats)

Plasma osmolality determination

(

)

Normal Pogm
(290-310 mOsm/kg )

Low Posm
(<290 mOsm/kg )

High Posm
(> 310 mOsm/kg )

v

[ Hyperlipemia? ]

Hyperproteinemia?

[ Pseudohyponatremia? ]

v

[ hyperglycemia? ]

mannitol infusion?

[ Evaluation of volume status ]

(

)

Hypervolemia

Normovolemia

‘ Hypovolemia ‘

Y

Severe liver disease
Congestive heart failure SIADH
Nephrotic syndrome

Advanced renal failure

Psychogenic polydipsia

[ Nonrenal route ][ Renal route ]

Antidiuretic drugs ¢ ¢
Myxedema coma
Hypotonic fluids

Gastrointestinal loss| | Hypoadreno-
J| *Vomiting corticism

¢ Diarrhea Diuretic
Third space loss administration
* Pancreatitis
* Peritonitis
¢ Pleural effusion
* Uroabdomen

Figure 3-12 Clinical approach to the patient with hyponatremia. P, Plasma osmolality; SIADH, syndrome
of inappropriate antidiuretic hormone. (From DiBartola SP. Hyponatremia. Vet Clin North Am Small Anim

Pract 1998;28:515-532.)

HYPONATREMIA WITH NORMAL
PLASMA OSMOLALITY

Sodium is present as charged particles in the aqueous
phase of body fluids. Approximately 93% of plasma vol-
ume is occupied by water, and the remaining 7% consists
largely of proteins and lipids. Historically, serum sodium
concentration has been measured by flame photometry.
Flame photometry measures the number of sodium ions
in a specific volume of plasma or serum. Thus, the sodium
concentration is measured as if the sodium ions were pres-
ent throughout the entire sample volume, whereas actu-
ally they are active only in the aqueous phase. Normally,
this error is small. In plasma or serum samples containing
alarge amount of lipid or protein, however, the error may
be larger, and the decrease in measured serum sodium
concentration could be misleading to the clinician
(Fig. 3-13). When serum sodium concentration is
measured by direct potentiometry using ion-selective
electrodes, large amounts of lipid or protein in the sample
should not affect the measured serum sodium concentra-
tion. However, if the serum sample is diluted before mea-
surement, large amounts of lipid or protein may still affect
the measured serum sodium concentration.®” Therefore,

the clinician must be familiar with the laboratory method
used so as to interpret serum sodium concentrations
properly. The occurrence of a decreased serum sodium
concentration as a result of laboratory methodology in
the presence of normal plasma osmolality is called
pseudohyponatremia or factitious hyponatremia.
Pseudohyponatremia occurs in conditions associated
with hyperlipidemia or severe hyperproteinemia.

Plasma osmolality in patients with pseudohypo-
natremia is normal, because lipids and proteins are very
large molecules that contribute very little to plasma
osmolality. If pseudohyponatremia is present, the calcu-
lated plasma osmolality is low because of a spuriously
low serum sodium concentration, whereas the measured
osmolality is normal. Thus, when an abnormal osmolal
gap is present and the measured osmolality is normal,
pseudohyponatremia should be suspected. The diagnosis
of pseudohyponatremia can be made by visual inspection
of plasma for lipemia and by measurement of the total
plasma protein concentration. Hyperlipemia severe
enough to cause pseudohyponatremia is visible to the
naked eye as lactescent plasma. Each milligram per decili-
ter of lipid in serum reduces the sodium concentration by
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Causes of
Hyponatremia

With Normal Plasma Osmolality
Hyperlipemia
Hyperproteinemia

With High Plasma Osmolality
Hyperglycemia
Mannitol infusion

With Low Plasma Osmolality
And hypervolemia
Severe liver disease
Congestive heart failure
Nephrotic syndrome
Advanced renal failure
And normovolemia
Psychogenic polydipsia
Syndrome of inappropriate antidiuretic hormone
secretion
Antidiuretic drugs (see Fig. 3-6)
Myxedema coma of hypothyroidism
Hypotonic fluid infusion
And hypovolemia
Gastrointestinal loss
Vomiting
Diarrhea
Third-space loss
Pancreatitis
Peritonitis
Uroabdomen
Pleural effusion (e.g., chylothorax)
Peritoneal effusion
Cutaneous loss
Burns
Hypoadrenocorticism
Diuretic administration

0.002 mEq/L (e.g.,aserum triglyceride concentration of
1000 mg/dL would be expected to reduce the serum
sodium concentration by 2 mEq/L)."*® In the case of
hyperproteinemia, each gram per deciliter of protein
above a concentration of 8 g/dL reduces the serum
sodium concentration by approximately 0.25 mEq/L
(e.g., the serum sodium concentration of a patient with
a serum protein concentration of 12 g/dL would be
expected to be reduced by 1 mEq/L)."*! At such protein
concentrations, the plasma may be viscous, and this is
likely to occur mainly in patients with plasma cell
dyscrasias. Thus, whereas pseudohyponatremia may be
intellectually interesting, it is unlikely to be of clinical rel-
evance in most instances. Furthermore, pseudohypo-
natremia itself has no consequences for the health of
the patient. Its importance lies in the ability of the clini-
cian to recognize it and refrain from treating the patient

Normal
plasma

Hyperlipemic
plasma

93% water 80% water

20% lipid

7% lipid

Serum
sodium
concentration
by flame
photometry

145 mEq/L 125 mEqg/L

Actual
aqueous 145 MEG/L = 156 mEq/L 125 mEqg/L = 156 mEg/L

concentration 0.93 L 08L
of sodium

Figure 3-13 Effect of increased plasma lipids on serum

sodium concentration (pseudohyponatremia or factitious
hyponatremia). (From DiBartola SP. Hyponatremia. Vet Clin North
Am Small Anim Pract 1998;28:515-532.)

for hyponatremia. Treatment should be directed at the
underlying disorder causing hyperproteinemia or
hyperlipidemia.

HYPONATREMIA WITH INCREASED
PLASMA OSMOLALITY

If an impermeant solute is added to ECF, water moves
from ICF to ECF, and the osmolality of both
compartments increases (see Fig. 3-11).*' If the added
solute is something other than sodium, the serum sodium
concentration is reduced by the translocation of water,
but the plasma osmolality is higher than normal.

Hyponatremia with hyperosmolality is usually caused
by hyperglycemia in diabetes mellitus, wherein each
100-mg/dL increase in glucose may decrease the serum
sodium concentration by 1.6 mEq,/L.%? This correction
factor worked well up to a blood glucose concentration of
440 mg/dL in a study in normal humans made tran-
siently hyperglycemic by infusion of somatostatin, but
the correction factor was much greater at higher blood
glucose concentrations.”® The authors concluded that
an overall correction factor of a 2.4-mEq/L decrement
in sodium for each 100-mg/dL increment in glucose
would be preferable. In the diabetic patient, both hyper-
lipidemia and hyperglycemia may contribute to decreased
serum sodium concentration. Administration of the
osmotic diuretic mannitol also can cause hyponatremia
with plasma hyperosmolality. The calculated osmolality
is normal, the measured osmolality is high, and the osmo-
lal gap is increased in the presence of mannitol, which is
an unmeasured osmole. Hyperglycemia does not affect
the osmolal gap because the plasma glucose concentra-
tion is part of the equation used to calculate plasma osmo-
lality (i.e., it is a measured osmole).
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Initially, TBW content is not altered in the setting of
hyponatremia with hyperosmolality. Rather, there is an
altered distribution of water between intracellular and
extracellular compartments. However, a reduction in
TBW content develops to the extent that these substances
cause an osmotic diuresis.

HYPONATREMIA WITH DECREASED
PLASMA OSMOLALITY

The total body sodium content and ECF volume of
patients with hyponatremia and hypoosmolality may be
normal, decreased, or increased, and hyponatremia may
be classified according to the volume status of the patient
as hypovolemic, normovolemic, and hypervolemic. In
most instances, nonosmotic stimulation of antidiuretic
hormone results in water retention and development of
hyponatremia. Therefore, the second step in the evalua-
tion of the patient with hyponatremia is to estimate total
body sodium content and ECF volume status. This is best
done by clinical assessment of the patient based on his-
tory, physical examination, and a few ancillary tests. A
good history often indicates a source of fluid loss (e.g.,
vomiting, diarrhea, or diuretic administration), and the
physical examination provides important clues to the
patient’s volume status. The following physical findings
should be assessed: skin turgor, moistness of the mucous
membranes, capillary refill time, pulse rate and character,
appearance of the jugular veins (distended or flat), and
presence or absence of ascites or edema. Measurements
of hematocrit and total plasma protein concentration,
as well as systemic blood pressure and central venous pres-
sure determinations, if available, further clarify the
patient’s ECF volume status.

Hypovolemic Hyponatremia
(Hyponatremia with Volume Depletion)

For a patient with volume depletion (hypovolemia) to
develop hyponatremia, the total body deficit of sodium
must exceed that of water. Hyponatremic patients with
volume depletion have lost fluid by renal or nonrenal
routes. Gastrointestinal losses (e.g., vomiting, diarrhea)
and third-space losses, such as pleural effusion or perito-
neal effusion caused by peritonitis, pancreatitis, or
uroabdomen, are the most important nonrenal losses of
fluid and NaCl.'*"'%*> Gastrointestinal losses are often
hypotonic in nature. The question thus arises, “If the
losses are hypotonic, how does the patient become
hyponatremic?” The answer follows from three physio-
logic events and reflects the body’s tendency to preserve
volume at the expense of tonicity. First, volume depletion
decreases GFR, enhances isosmotic reabsorption of
sodium and water in the proximal tubules, and decreases
delivery of tubular fluid to distal diluting sites. These
events impair excretion of water. Second, volume deple-
tion is a strong nonosmotic stimulus for vasopressin
release, and the increased plasma vasopressin

concentration further impairs water excretion. Third,
the patient is thirsty because of volume depletion and
continues to drink water if it is available. All of these
factors have a dilutional effect on the remaining body
fluids. In one study, approximately 20% of dogs with gas-
trointestinal foreign bodies had hyponatremia.'®

Recall the previous example of the loss of 1 L of fluid
with an osmolality of 150 mOsm/kg and consider
what would happen if the animal in question drinks 1 L
of pure water after sustaining the hypotonic loss. The
added water increases the ECF volume from 1.36 to
2.36 L, and the resulting hypotonicity rapidly drives
water into cells to equalize osmolality:

New ECF osmolality = new ICF osmolality
450 mOsm 1200 mOsm
(236 — x)L  (3.64 + x)L

where x is the volume of water moving between
compartments:

450(3.64 + x) = 1200(2.36 — x)
x=072L

The new volumes and osmolalities are:

450 mOsm
ECF : —aL - 275 mOsm/kg
1200 mOsm

Note that in this example the intracellular compartment is
expanded (4.36 L). The volume of the extracellular com-
partment (1.64 L) is greater than it was when the same
hypotonic loss was not replaced (1.36 L) but still less than
the previous normal value (2 L). Thus, hypotonic (or iso-
tonic) losses replaced by pure water lead to expansion of
the ICF space. These changes are depicted in Figure 3-14.

Renal fluid and NaCl losses resulting in hyponatremia
are usually caused by hypoadrenocorticism or diuretic
administration. In one study, 81% of 225 dogs with
hypoadrenocorticism were hyponatremic at presenta-
tion.'??  Mineralocorticoid deficiency in hypoadreno-
corticism results in urinary loss of NaCl and depletion of
ECF volume. Volume depletion in patients with hypoadre-
nocorticismis a strong nonosmotic stimulus for vasopressin
release and impairs water excretion.® Hyperkalemia typi-
cally accompanies hyponatremia in hypoadreno-
corticism, 129132144160 However,  some  dogs  with
hypoadrenocorticism have only glucocorticoid deficiency
at the time of presentation and thus have normal serum
potassium concentrations.!°*13%15¢ Glucocorticoids are
necessary for complete suppression of vasopressin release,
and in their absence impaired water excretion and
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Figure 3-14 Effect of drinking | L of water after a loss of | L
of hypotonic fluid (150 mOsm/kg) on volume and tonicity of
extracellular fluid (ECF) and intracellular fluid (ICF). (Drawing by
Tim Vojt.)

hyponatremia can occur.?® Occasionally, dogs with gastro-
intestinal fluid losses develop electrolyte disturbances
that mimic hypoadrenocorticism.>*'°”  Hyponatremia
associated with third-space loss of fluid has been reported
with pleural effusion related to chylothorax, lung lobe
torsion, and neoplasia.”*13%162:166 1n  these reports,
hyponatremia was attributed at least in part to removal of
sodium-rich fluid by thoracocentesis. However, many of
these animals had evidence of volume depletion, and it is
likely that nonosmotic vasopressin secretion also played a
role in the development of hyponatremia. Affected dogs
also had mild hyperkalemia attributed to decreased renal
excretion of potassium caused by volume depletion and
decreased distal renal tubular flow. Similar findings have
been observed in dogs and cats with peritoneal effusion
and in dogs in late pregnancy.”#>'*° The pathogenesis of
hyponatremia and mild hyperkalemia in dogs with gastroin-
testinal losses is probably similar to that described for dogs
with pleural and peritoneal effusions, but the explanation
for the rare occurrence of similar electrolyte abnormalities
in dogs in late pregnancy is unknown. When the cause
of hyponatremia and hyperkalemia is unclear, an ACTH
stimulation test should be performed to rule out
hypoadrenocorticism.

Diuretics contribute to impaired water excretion and
dilution of sodium in the ECF by decreased distal delivery
of tubular fluid and nonosmotic stimulation of

vasopressin release, which occur in response to volume
depletion. Furthermore, potassium depletion caused by
diuretics can contribute to hyponatremia because shifting
of intracellular potassium into the extracellular compart-
ment in exchange for sodium may occur. Hyponatremia
has been associated with chronic blood loss in dogs.'*®
It was thought that defective urinary concentrating ability
in these dogs was caused by impaired vasopressin release
in response to plasma hypoosmolality and loss of NaCl
from the renal medullary interstitium. Some of these dogs
had hypoadrenocorticism and gastrointestinal fluid losses
that might have contributed to their hyponatremia. Nor-
mal concentrating ability returned after resolution of
hyponatremia.

Hypervolemic Hyponatremia
(Hyponatremia with Volume Excess)

Hyponatremia may occur despite the presence of
increased total body sodium and expansion of the ECF
compartment in patients with ascites or edema. Some
of the pathophysiologic events in these patients impair
the excretion of ingested water and exert a dilutional
effect on the serum sodium concentration. Hypervolemic
hyponatremia is observed in three clinical conditions:
congestive heart failure, severe liver disease, and
nephrotic syndrome. In these disorders, there is a percep-
tion of circulating volume depletion by the body, and the
regulatory mechanisms invoked result in volume expan-
sion. This perceived volume deficit has been referred to
as decreased effective circulating volume or decreased
effective arterial blood volume.

Three major pathophysiologic mechanisms are opera-
tive in the pathogenesis of sodium retention and impaired
water excretion in these clinical conditions. The renin-
angiotensin system is activated by reduced renal perfusion
and causes increased sodium retention by the kidneys.
Decreased renal perfusion, decreased GFR, and increased
proximal tubular reabsorption of sodium and water result
in decreased delivery of tubular fluid to distal diluting
sites and impairment of free water excretion. A decrease
in effective arterial blood volume results in nonosmotic
stimulation of vasopressin release and further impairment
of water excretion. Impaired free water excretion causes
dilution of retained sodium and results in hyponatremia
despite the presence of increased total body sodium con-
tent and expansion of the ECF compartment. In addi-
tion, a primary intrarenal mechanism for sodium
retention is thought to be operative in patients with the
nephrotic syndrome.

In cirrhosis and the nephrotic syndrome, intravascular
volume may be reduced as a result of decreased oncotic
pressure caused by hypoalbuminemia. This volume deple-
tion causes nonosmotic stimulation of vasopressin release
and impaired water excretion. In liver failure, low effective
arterial volume is caused by marked peripheral (primarily
splanchnic) vasodilation.®*?%1!® Reduction of cardiac
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output and arterial hypotension also are contributory
factors. The presence of hyponatremia in patients with cir-
rhosis and ascites is associated with a poor prognosis for
survival.'% In congestive heart failure, decreased cardiac
output is sensed by baroreceptors in the carotid and aortic
sinuses, resulting in nonosmotic release of vasopressin.
With chronic left atrial distention, the sensitivity of
baroreceptors located in this site is presumably blunted,
explaining the relative lack of vasopressin suppression that
would be expected in acute left atrial distention. Increased
sympathetic nervous activity also occurs as well as activa-
tion of the renin-angiotensin system. The presence of
hyponatremia in heart failure patients is correlated with
disease severity and clinical outcome. 8125150

The pathophysiology of sodium retention in the
nephrotic syndrome is complex. In some nephrotic patients
with hypervolemia, the renin-angiotensin system appears to
be suppressed. This conclusion is based on decreased
plasma concentrations of renin and aldosterone and
suggests a primary intrarenal mechanism for sodium reten-
tion.'® The site of this intrarenal mechanism of sodium
retention is not clear. In one experimental study, a distal site
was implicated, whereas some investigators have suggested
that alterations in filtration fraction and the glomerular
ultrafiltration coefficient may be responsible.®*”®

In severe liver disease, arteriovenous shunting, splanch-
nic venous pooling, ascites caused by portal hypertension,
and decreased oncotic pressure caused by hypoalbuminemia
all may lead to decreased eftective circulating volume
resulting in nonosmotic stimulation of vasopressin release
and activation of the renin-angiotensin system.** Sodium
retention and impairment of water excretion result.

Hypervolemic hyponatremia may also be seen in
advanced renal failure. Positive water balance may occur
in the presence of continued polydipsia if there are an
insufficient number of functional nephrons to excrete
the required amount of free water. Approximately 70%
of filtered water is reabsorbed isosmotically in the proxi-
mal tubules. If GER is very low, the amount of water that
can be excreted even with complete suppression of vaso-
pressin release may be insufficient to prevent positive
water balance in the presence of continued water intake.
For example, consider a 10-kg dog with advanced renal
failure and a GFR of 2 mL/min (approximately 5% of
normal). The daily filtered load of water would be
2.88 L,and if 2.02 L (70%) is reabsorbed in the proximal
tubules, the maximum volume of water that could be
excreted is 860 mL. In the presence of polydipsia, it is
conceivable that water intake would exceed this volume
and dilutional hyponatremia would develop.

Normovolemic Hyponatremia
(Hyponatremia with Normal Volume)
Normovolemic hyponatremia may occur as a result of
psychogenic polydipsia, clinical conditions characterized
by inappropriate secretion of vasopressin, administration

of hypotonic fluids or drugs with antidiuretic effects, and
myxedema coma of severe hypothyroidism. Approxi-
mately 67% of TBW is located within cells. Therefore,
only 33% of the water retained in these disorders is
distributed to the extracellular compartment, and only
8% is located in the plasma compartment. However, this
mild volume expansion does increase GFR and decrease
proximal tubular reabsorption of sodium and water, thus
leading to natriuresis. If excessive water intake or inappro-
priate vasopressin release continues, a new steady state is
achieved with a slightly expanded ECF volume and
plasma hypoosmolality. Overt signs of hypervolemia are
usually not present because the majority of retained water
is distributed to the intracellular compartment.

Psychogenic polydipsia usually occurs in large-breed
dogs. The owner may report that the dog has a nervous
disposition or that polydipsia seemed to begin after some
stressful event. Some hyperactive dogs placed in an exer-
cise-restricted environment have developed psychogenic
polydipsia, and some dogs with this disorder may have
developed it as a learned behavior to gain attention from
the owner.** Some dogs with psychogenic polydipsia
lower their water intake dramatically as aresult of the stress
ofhospitalization, and this is sometimes a useful diagnostic
observation. In one study, dogs with psychogenic polydip-
sia had a daily water consumption of 150 to 250 mL /kg,
USG of 1.001 to 1.003, urine osmolality of 102 to 112
mOsm/kg, plasma osmolality of 285 to 295 mOsm /kg,
and serum sodium concentration of 131 to 140 mEq/L.”"!
Hyponatremia with plasma hypoosmolality was thus
documented in this study. Approximately 67% of affected
dogs had a normal response to water deprivation, whereas
others had some degree of medullary washout but
responded to gradual water deprivation. Psychogenic
polydipsia has not yet been reported in cats.

The syndrome of inappropriate ADH secretion
(SIADH) refers to vasopressin release in the absence of
normal osmotic or nonosmotic stimuli. This syndrome
occurs in human patients and may be drug induced or
associated with various types of malignancies, pulmonary
diseases, and central nervous system disorders.'®” Several
patterns of vasopressin secretion have been observed in
human patients with SIADH: erratic changes in secretion
unrelated to plasma osmolality, a normal increase in vaso-
pressin secretion in response to changes in plasma osmo-
lality but occurring at a lower threshold (“reset
osmostat”), normal vasopressin secretion when plasma
osmolality is normal or increased but inability to reduce
vasopressin secretion appropriately after a water load
(“vasopressin leak”), and low basal vasopressin concen-
tration that fails to increase as plasma osmolality increases,
suggesting increased renal sensitivity to vasopressin or
presence of another antidiuretic substance. Because not
all human patients with SIADH have increased
circulating concentrations of ADH, the name “syndrome
of inappropriate antidiuresis” has been proposed.*®
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SIADH israre in dogs. It has been reported in association
with dirofilariasis, undifferentiated carcinoma, neoplasia in
the region of the hypothalamus, granulomatous amebic
meningoencephalitis, and hydrocephalus,'?!#5277:148
Inappropriate vasopressin secretion may have played a role
in the pathogenesis of hyponatremia in a dog with glucocor-
ticoid deficiency.?® Idiopathic SIADH also has been
characterized in dogs.*”*' ¥ Two of the dogs with idiopathic
SIADH had hyponatremia, hypoosmolality,and inappropri-
ately high vasopressin concentrations (7 to 30 pmol/L).
Urine osmolality was inappropriately high (213 to 535
mOsm/kg) in one dog in the presence of plasma
hypoosmolality. The threshold and sensitivity of vasopressin
secretion were studied by infusion of hypertonic saline. One
dog demonstrated a pattern of reset osmostatand the othera
pattern consistent with vasopressin leak.'3 The vasopressin
receptor antagonist OPC-31260, used at a dosage of 3 mg/
kg orally twice a day for a 3-year period, successfully
increased urine output and decreased USG in a dog with
idiopathic SIADH, but serum sodium concentration was
not normalized.*”

The diagnosis of STADH must be made by excluding
other causes of hyponatremia. The following criteria
should be met before establishing a diagnosis of SIADH:

1. Hyponatremia with plasma hypoosmolality.

2. Inappropriately high urine osmolality in the presence
of plasma hypoosmolality. (Urine osmolality is often
>300 mOsm/kg in human patients with STADH.
A urine osmolality >100 mOsm /kg should be consid-
ered abnormal in a patient with hyponatremia and
plasma hypoosmolality. A urine osmolality <100
mOsm/kg would normally be expected as a result
of complete suppression of vasopressin release. Urine
osmolality is important in distinguishing psychogenic
polydipsia and STADH. Urine is maximally diluted in
psychogenic polydipsia but not in SIADH.)

3. Normal renal, adrenal, and thyroid function.

4. Presence of natriuresis despite hyponatremia and
plasma hypoosmolality as a result of mild volume
expansion (urine sodium concentration usually >20
mEq/L in human patients).

5. No evidence of hypovolemia, which could result in
nonosmotic stimulation of vasopressin release.

6. No evidence of ascites or edema, which could result in
hypervolemic hyponatremia (i.e., no evidence of
severe liver disease, congestive heart failure, or
nephrotic syndrome).

7. Correction of hyponatremia by fluid restriction.

Impaired osmoregulation of vasopressin release was
observed in 11 dogs with liver disease (7 of which had
large congenital portosystemic shunts).'*® Either the
threshold for vasopressin release was increased or the
magnitude of response decreased in these dogs, but
plasma vasopressin and sodium concentrations were
within the normal reference range. Affected dogs had

evidence of excessive glucocorticoid secretion, and their
response was similar to that previously described for dogs
with spontaneous hyperadrenocorticism.

Cerebral salt wasting occurs in critically ill human
patients with intracranial injury, often subarachnoid hemor-
rhage, but also may be observed after neurosurgical
procedures.”*® Hyponatremia resulting from cerebral salt
wasting must be differentiated from that caused by SIADH
because patients with the former disorder are volume
depleted and require NaCl and water replacement, whereas
those with STADH require water restriction. Atrialand brain
natriuretic factors likelyare responsible for the urinaryloss of
sodium in affected patients.'® Recognition of volume
depletion depends on clinical findings such as changes in
skin turgor, systemic blood pressure, central venous pres-
sure, heart rate, and character of peripheral pulses.
Hyponatremia must be corrected slowly (see Treatment
of Hyponatremiasection),and SIADH should be suspected
it hyponatremia worsens after saline infusion.
Fludrocortisone also has been used in human patients with
cerebral salt wasting to facilitate sodium retention.

Severe hypothyroidism with myxedema in humans
can result in hyponatremia, possibly because of decreased
distal delivery of tubular fluid and nonosmotic stimula-
tion of vasopressin release. Hyponatremia in this setting
is corrected by thyroid hormone replacement. In four
reported cases of myxedema coma in dogs, hyponatremia
was found in two of three dogs in which the serum
sodium concentration was measured.?**3

Exercise-associated hyponatremia has been reported in
human athletes during prolonged exertion. It is thought
to be caused by excessive consumption of water or hypo-
tonic fluids as well as nonosmotic stimulation of vasopres-
sin release associated with volume depletion that impairs
water excretion.'*! Sodium loss in sweat also may play a
contributory role. Women, people of low body weight,
and those taking nonsteroidal anti-inflammatory drugs
are at increased risk.'*® Total body exchangeable cation
content (sodium and potassium) decreases during long-
distance exercise in Alaskan sled dogs despite no apparent
change in TBW, and consequently hyponatremia
develops.”* The observed hyponatremia was mild (i.e.,
139.7 mEq/L after the race as compared with 148.6
mEq/L before the race).”® Dogs do not sweat apprecia-
bly, and the mild hyponatremia was attributed to
increased urinary losses of sodium in association with
increased protein catabolism and excretion of large
amounts of urea in urine.

Drugs that stimulate the release of vasopressin or
potentiate its renal effects may lead to normovolemic
hyponatremia. Nitrous oxide, barbiturates, isoprotere-
nol, and narcotics are drugs used during anesthesia and
surgery that stimulate vasopressin release from the neuro-
hypophysis and may contribute to impaired water excre-
tion in the postoperative period. Anxiety, stress, and pain
associated with surgical procedures also may contribute
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to increased plasma vasopressin concentrations and result
in decreased renal excretion of water. These events may
result in postoperative hyponatremia, especially if the
patient receives hypotonic fluids.®*® In fact, routine use
of hypotonic fluids in patients in whom water excretion
is impaired by nonosmotic stimulation of vasopressin
release is thought to be the main contributing factor to
hospital-acquired hyponatremia in human patients and
can be prevented by administration of isotonic fluids such
as 0.9% NaClL.''*

Chlorpropamide potentiates the action of vasopressin,
possibly by inhibiting vasopressin-stimulated production
of prostaglandin E, or by up-regulating vasopressin
receptors in the kidneys.*> Nonsteroidal anti-inflammatory
drugs haveasimilar effect because of their inhibition of pros-
taglandin production. The antineoplastic drugs vincristine
and cyclophosphamide also impair water excretion.
Figure 3-6 shows the effects of various drugs on the release
and action of vasopressin.

CLINICAL SIGNS OF
HYPONATREMIA

The clinical signs of hyponatremia are related more to the
rapidity of onset than to the severity of the associated
plasma hypoosmolality. In human patients, deaths and
severe complications of hyponatremia were most com-
mon when the serum sodium concentration acutely
decreased to less than 120 mEq/L or at a rate greater
than 0.5 mEq/L/hr.?® Cerebral edema and water intoxi-
cation occur if hyponatremia develops faster than the
brain’s defense mechanisms can be called into play.
Reduction in plasma osmolality and influx of water into
the central nervous system cause the clinical signs
observed in acute hyponatremia. A 30- to 35-mOsm kg
gradient can result in translocation of water between
plasma and the brain in dogs.®" Clinical signs are often
absent in chronic disorders characterized by slower
decreases in serum sodium concentration and plasma
osmolality. During hyponatremia of chronic onset, brain
volume is adjusted toward normal by loss of potassium
and organic osmolytes from cells.®!?*

Acute water intoxication is likely only if the patient has
some underlying cause of impaired water excretion at the
time a water load occurs. For example, water-loaded dogs
given repositol vasopressin developed signs of acute water
intoxication.®” Early signs were mild lethargy, nausea, and
slight weight gain; more severe signs included vomiting,
coma, and a marked increase in body weight. One dog in
this study died from pulmonary and cerebral edema. Weak-
ness, incoordination, and seizures may also result from
acute water intoxication. In one clinical report, a Labrador
retriever developed acute hyponatremia (125 mEq,/L) and
severe neurologic signs (i.e., coma) after swimming for
many hours inalake."®” The dog spontaneously underwent
marked diuresis and recovered with supportive care,

suggesting that it was capable of suppressing vasopressin
release in response to the water load.

TREATMENT OF HYPONATREMIA

The two main goals of treatment in hyponatremia are to
diagnose and manage the underlying disease and, if nec-
essary, increase serum sodium concentration and plasma
osmolality. Severe, symptomatic hyponatremia of acute
onset (<24 to 48 hours’ duration) may result in seizures,
cerebral edema, or death and requires prompt treatment.
In human patients with acute hyponatremia, correction
of serum sodium concentration may be required at rates
up to 12 mEq/L/day.'*! However, severe, symptomatic
hyponatremia of rapid onset is rare in small animal prac-
tice. Because of inexperience with the management of
acute hyponatremia in dogs and cats, and the known risks
of overly rapid correction of hyponatremia, only use of
conventional crystalloid solutions (e.g., lactated Ringer’s
solution and 0.9% saline) is recommended. Use of 3%
NaCl is not recommended.

Patients with chronic hyponatremia often have few or
no clinical signs directly attributable to their
hypoosmolality. This is probably because the brain has
had sufficient time to adapt to plasma hypotonicity. In
fact, treatment of chronic hyponatremia can be more dan-
gerous than the disorder itself. In human patients,
complications of treatment may occur when chronic
(>48 hours’ duration) hyponatremia is corrected too rap-
idly (i.e., when the serum sodium concentration is
increased by >10 to 12 mEq/L in 24 hours).”!>!

When hyponatremia and  hypoosmolality are
corrected, potassium and organic osmolytes lost during
adaptation must be restored to the cells of the brain. If
replacement of these solutes does not keep pace with
the increase in serum sodium concentration that occurs
as a result of treatment, brain dehydration and injury—
called osmotic demyelination or myelinolysis—may
result.”®>'®! Experimental studies have confirmed that
this syndrome is a result of a rapid and large increase in
serum sodium concentration and is not a consequence
of hyponatremia and hypoosmolality. Human patients
with hyponatremia of more than 72 hours’ duration are
more susceptible than those with hyponatremia of less
than 24 hours’ duration.'® The neural lesions of
myelinolysis develop several days after correction of
hyponatremia and consist of myelin loss and injury to
oligodendroglial cells in the pons and other sites in the
brain (e.g., thalamus, subcortical white matter, and cere-
bellum). Lesions may take several days to develop, but on
magnetic resonance imaging they are hyperintense on
T2-weighted images, hypointense on TI1-weighted
images, and are not enhanced after gadolinium injec-
tion.”® The ability to reaccumulate organic osmolytes
may vary among different regions of the brain and thus
account for why some regions (e.g., midbrain) are more
susceptible to osmotic demyelination.
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Similar lesions have been reported in experimental dogs
with hyponatremia with correction rates of 15 mEq/L/
day even without overcorrection to hypernatremia.”* In
veterinary medicine, myelinolysis first was reported in
two dogs after correction of hyponatremia associated with
trichuriasis.'?* In one dog, a serum sodium concentration
of 101 mEq/L had been corrected to 136 mEq,/L in less
than 38 hours (correction rate, >22 mEq/L/day), and in
the other, a serum sodium concentration of 108 mEq/L
had been corrected to 134 mEq/L in less than 38 hours
(correction rate, >16 mEq/L/day). Clinical signs devel-
oped 3 to 4 days after correction of hyponatremia and
consisted of lethargy, weakness, and ataxia progressing
to hypermetria and quadriparesis. Lesions were detected
by magnetic resonance imaging and were located in the
thalamus as compared with the more typical pontine
location in affected human patients. From this experience,
it was recommended that dogs with asymptomatic chronic
hyponatremia be treated by mild water restriction and
monitoring of serum sodium concentration. Symptomatic
dogs with chronic hyponatremia should be treated conser-
vatively at correction rates of less than 10 to 12 mEq/L/
day (0.5 mEq/L/hr). Serial monitoring of serum sodium
concentration is necessary because the actual rate of cor-
rection may not correspond to the calculated rate of cor-
rection. Correction should be carried out with
conventional crystalloid solutions (e.g., lactated Ringer’s
solutionand 0.9% NaCl) in avolume calculated specifically
to replace the patient’s volume deficit. The clinician must
remember that volume repletion in hypovolemic patients
abolishes the nonosmotic stimulus for vasopressin release
and allows the animal to excrete solute-free water via the
kidneys. This in itself tends to correct the hyponatremia.
Thus, caution should be exercised even when using
conventional crystalloid fluid therapy.

Three additional cases of suspected myelinolysis in
dogs with chronic hyponatremia caused by hypoadreno-
corticism or trichuriasis have been reported.''**'%° The
rates of correction of hyponatremia in these dogs were 22
mEq/L on day 1 and 17 mEq/L on day 2, 32 mEq/L
over 2 days, and 17 mEq/L in 9 hours.""**'°® The neu-
rologic signs that developed (e.g., spastic tetraparesis, loss
of postural and proprioceptive responses, dysphagia, tris-
mus, and decreased menace response) were similar to
those originally described by O’Brien.’?? The dogs of
these reports gradually recovered over several weeks.

Water intake should be carefully restricted to a volume
less than urine output in normovolemic patients with
hyponatremia (e.g., psychogenic polydipsia), or drugs
causing an antidiuretic effect should be discontinued if
possible. Demeclocycline and lithium inhibit vasopressin
release and have been used to treat SIADH in humans,
but water restriction is probably the safest approach.*®

In edematous patients, dietary sodium restriction and
diuretic therapy should be considered. A 0.9% NaCl solu-
tion can be administered concurrently with loop diuretics

(e.g., furosemide) to effect more rapid correction of
hyponatremia in overhydrated symptomatic patients.
The occurrence of chronic hyponatremia in patients with
congestive heart failure is often a sign of advanced disease
and responds poorly to treatment. Administration
of furosemide and an angiotensin-converting enzyme
inhibitor (e.g., enalapril) may improve stroke volume
and cardiac output by reducing preload and afterload
and may decrease vasopressin secretion and enhance
water excretion, which in turn may facilitate resolution
of hyponatremia.

Arginine vasopressin (AVP) receptor antagonists
(vaptans) block either V receptors (lixivaptan, tolvaptan,
satavaptan) or both V, and V4 receptors (conivaptan).*
Based on their mechanism of action, these drugs increase
free water excretion by the kidneys and effectively nor-
malize serum sodium concentration in patients with
non-osmotic release of AVP causing euvolemic (e.g.,
SIADH) or hypervolemic (e.g., congestive heart failure,
liver failure) hyponatremia.''"''”  Patients with
hypovolemic hyponatremia should be treated with an
infusion of 0.9% NaCl or other isotonic fluid to replace
their volume deficits. The AVP receptor antagonists
increase water but not solute excretion via the kidneys,
and likely will have major impact on the clinical manage-
ment of euvolemic and hypervolemic hyponatremia in the
near future.®”

Conivaptan is administered as an intravenous bolus in
5% dextrose followed by a constant rate infusion, whereas
tolvaptan, lixivaptan, and satavaptan are administered
orally. In humans, adverse effects of the vaptans generally
are limited to thirst and dry mouth. To minimize the risk
of osmotic demyelination, correction of serum sodium
concentration should be limited to <8 mEq/L per 24
hours, especially when hyponatremia is chronic or of
unknown duration. The pH of the conivaptan solution
is low (3.0) and infusion site reactions are common.

Because they antagonize only the V, receptor,
lixivaptan and tolvaptan do not cause changes in blood
pressure. Vasopressin receptor antagonists promote
aquaresis and correct hyponatremia in heart failure
patients, but long-term beneficial effects on patient sur-
vival have not yet been documented.*'*® Conivaptan
may be especially helpful in heart failure patients as a
result of its effects of the V)4 receptor and potential to
decrease total peripheral resistance.”* Although the com-
bined V,/Vj4 receptor antagonist conivaptan might be
expected to lower blood pressure, it only causes hypoten-
sion in 2.5% of treated patients, although orthostatic
hypotension may be seen in 5% of treated patients.'**

Conivaptan is both a substrate for and inhibitor of
CYP3A4 (the 3A4 isoform of the cytochrome P-450
enzyme). Administration of conivaptan with other
CYP3A4 inhibitors (e.g., ketoconazole, itraconazole,

*References 49, 55, 124, 126, 146, 165.
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clarithromycin) will markedly increase its plasma concen-
tration, and use with other drugs metabolized by
CYP3A4 (e.g., statins, midazolam, amlodipine) will
increase the plasma concentrations of these drugs and
potentially lead to toxicity.

Although considered primarily aquaretics, tolvaptan
and lixivaptan may increase sodium excretion at higher
dosages, possibly by blocking the sodium-retaining effect
of AVP on the thick ascending limb of Henle’s loop.
Unresolved is whether or not V,-receptor antagonists
could decrease concentrations of factor VIII and
von Willebrand factor, which are known to be increased
by AVP.

CLINICAL APPROACH TO
POLYURIA AND POLYDIPSIA

Normal daily water intake and urine output in dogs and
cats are influenced by the nutrient, mineral, and water
content of the diet. Normal water intake should not
exceed 90 mL /kg/day in dogs and 45 mL/kg/day in
cats. Normal urine output ranges from 20 to 45 mL/
kg/day in dogs and cats. Dogs with disorders such as psy-
chogenic polydipsia, CDI, and NDI may have water con-
sumption as much as five times the normal.

Dogs and cats with polyuria and polydipsia are
encountered frequently in small animal practice. The
causes of polyuria and polydipsia, their pathophysiologic
mechanisms, and the necessary confirmatory laboratory
tests are presented in the Table 3-4. The most common
causes are chronic renal failure in dogs and cats, diabetes
mellitus in dogs and cats, hyperadrenocorticism in dogs,
and hyperthyroidism in cats. These common causes must
always be ruled out before beginning an exhaustive diag-
nostic evaluation of the animal.

Determination of the specific gravity of a random urine
sample from the animal is a logical starting point for eval-
uation of polyuria and polydipsia. If a random USG is
greater than 1.030 to 1.035, the clinician should obtain
additional history to rule out other disorders that may
have been confused with polyuria (e.g., urinary inconti-
nence and dysuria). If a random USG is less than 1.025
to 1.030, an initial diagnostic evaluation is warranted.

Many causes of polyuria and polydipsia can be ruled
out by an initial database consisting of a complete history
and physical examination, complete blood count, bio-
chemical profile (including electrolytes), urinalysis, urine
culture, and abdominal radiographs. If the animal is oth-
erwise healthy, it is helpful to instruct the owner to quan-
titate and record the animal’s daily water consumption at
home over a 3- to 5-day period. Determination of water
intake at home prevents potential reduction in water
intake precipitated by the stress of hospitalization.

With some exceptions (e.g., psychogenic polydipsia),
polydipsia usually occurs as a consequence of polyuria.
If polydipsia occurs without polyuria, the clinician must

consider causes such as high ambient temperature (i.c.,
increased insensible water losses), regular prolonged
exercise, water consumption to replace a previous hydra-
tion deficit, and third-space distribution of consumed
water. Excessive administration of parenteral fluids causes
polyuria without polydipsia. The diagnostic approach to
polyuria and polydipsia is summarized in Table 3-4 and
Figure 3-15.

LABORATORY EVALUATION
OF POLYURIA AND
POLYDIPSIA

ENDOGENOUS CREATININE
CLEARANCE

In chronic progressive renal disease, urinary
concentrating ability is impaired after two thirds of the
nephron population has become nonfunctional, whereas
azotemia does not develop until three quarters of the
nephrons have become nonfunctional. Thus, the main
indication for determination of endogenous creatinine
clearance is the clinical suspicion of renal disease in a
patient with polyuria and polydipsia but normal
BUN and serum creatinine concentrations. The only
requirements for determination of endogenous creati-
nine clearance are an accurately timed collection of urine
(usually 24 hours), determination of the patient’s body
weight, and measurement of serum and urine creatinine
concentrations. Failure to collect all urine produced
results in an erroneously reduced calculated clearance
value. Use of creatinine clearance as an estimate of GFR
is discussed further in Chapter 2.

WATER DEPRIVATION TEST

The water deprivation test is indicated in evaluation of
animals with confirmed polydipsia and polyuria, the cause
of which remains undetermined after the initial diagnos-
tic evaluation. It is usually performed in animals with
hyposthenuria (USG <1.007) that are suspected to have
CDI, NDI, or psychogenic polydipsia. An animal that is
dehydrated but has dilute urine has already failed the test
and should not be subjected to water deprivation. In such
an animal, failure to concentrate urine is probably caused
by structural or functional renal dysfunction or adminis-
tration of drugs that interfere with urinary concentrating
ability. The water deprivation test is also contraindicated
in animals that are azotemic. The test should be
performed with extreme caution in animals with severe
polyuria because such patients may rapidly become
dehydrated during water deprivation if they have defec-
tive urinary concentrating ability.

At the beginning of the water deprivation test, the
bladder must be emptied and baseline data collected
(body weight, hematocrit, total plasma proteins, skin
turgor, serum osmolality, urine osmolality, and USG).
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TABLE 3-4 Causes of Polyuria and Polydipsia in Small Animal Practice

Disease

Mechanism of Polyuria and Polydipsia

Confirmatory Tests

Chronic renal disease* (S)

Hyperadrenocorticism* (W)

Diabetes mellitus* (S)

Hyperthyroidism* (W)

Pyometra (W)

Postobstructive diuresis (S)

Hypercalcemia (W)

Liver disease (W)

Pyelonephritis (W)

Hypoadrenocorticism (W)

Hypokalemia (W)

Diuretic phase of oliguric ARF (S)

Partial urinary tract obstruction (S)

Drugs (W)
Salt administration (S)
Excessive parenteral fluid

administration (W) (polyuria only)
Central diabetes insipidus (CDI) (W)

Osmotic diuresis in remnant nephrons

Disruption of medullary architecture by structural disease

Defective ADH release and action
Psychogenic

Osmotic diuresis caused by glucosuria

Increased medullary blood flow and MSW
Psychogenic

Hypercalciuria

Escherichin coli endotoxin

Immune complex glomerulonephritis

Elimination of retained solutes

Defective response to ADH

Defective sodium reabsorption

Defective ADH action

Increased medullary blood flow

Impaired NaCl transport in the loop of Henle

Hypercalcemic nephropathy

Direct stimulation of thirst center

Decreased urea synthesis with loss of medullary solute

Decreased metabolism of endogenous hormones
(e.g., cortisol, aldosterone)

Psychogenic (hepatic encephalopathy)

Hypokalemia

E. coli endotoxin

Increased renal blood flow

MSW

Renal parenchymal damage

Renal sodium loss with MSW

Defective ADH action

Increased medullary blood flow and loss of medullary solute

Elimination of retained solutes
Defective sodium reabsorption

Redistribution of renal blood flow

Defective sodium reabsorption

Renal parenchymal damage

Various mechanisms depending on drug

Osmotic diuresis caused by excess sodium administered
Water diuresis caused by excess water administered

Congenital lack of ADH (rare)
Acquired lack of ADH (idiopathic, tumor, trauma)

ECC

CBC

Profile
Urinalysis
Radiography
Ultrasonography
LDDST, HDDST
Plasma ACTH
Ultrasonography
Blood glucose
Urinalysis

Ty

Technetium scan

History

Physical

CBC

Abdominal radiographs
History

Physical examination
Urinalysis

Serum calcium

Liver enzymes
Serum bile acids
Blood ammonia
Liver biopsy

Urinalysis

Urine culture

CBC

Excretory urography
Abdominal ultrasonography
Serum sodium and potassium
ACTH stimulation

Serum potassium

History

CBC

Profile

Urinalysis

Abdominal ultrasonography
Renal biopsy

History

Physical examination

History
History
History

Water deprivation test
Exogenous ADH test
ADH assay

Continued
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TABLE 3-4 Causes of Polyuria and Polydipsia in Small Animal Practice—cont’d

Disease

Mechanism of Polyuria and Polydipsia

Confirmatory Tests

Nephrogenic diabetes insipidus
(NDI) (W)
Psychogenic polydipsia (PP) (W)

MSW
Renal glucosuria (S)

Primary hypoparathyroidism (W)

Acromegaly (W, S) Insulin antagonism

Glucose intolerance

Congenital lack of renal response to ADH (very rare)
Acquired lack of renal response to ADH (see Table 3-5)

Neurobehavioral disorder (anxiety?)
Increased renal blood flow
Solute diuresis caused by glucosuria

Unknown (psychogenic?)

Water deprivation test
Exogenous ADH test
ADH assay

ECC

Water deprivation test
Exogenous ADH test
Behavioral history
Blood glucose
Urinalysis

Serum calcium

Serum phosphorus
Serum PTH
Neuroradiography
Growth hormone assay

Diabetes mellitus in affected cats

Polycythemia (W)

Multiple myeloma (W)

Renal MSW (W)
potassium)

Unknown (increased blood viscosity?) CBC
Unknown (increased blood viscosity?)
Depletion of medullary interstitial solute (urea, sodium,

Serum protein electrophoresis
Gradual water deprivation
(3-5 days)

Hickey-Hare test

Adapted from Bruyette DS, Nelson RW. How to approach the problems of polynria and polydipsia. Vet Med 1986;81:112.

Abbreviations: (W), water diuvesis; (S), solute diuresis; ACTH, adrenocorticotropic hormone; ADH, antidiuretic hormone; ARF, acute renal fuilure; CBC,
complete blood count; ECC, endogenous creatinine cleavance; HDDST, high-dose dexamethasone suppression test; LDDST, low-dose dexamethasone
suppression test; MSW, medullary washout of solute; PTH, parathyroid hormone.

*Most common causes of polyuria and polydipsia.

Water is then withheld, and these parameters are moni-
tored every 2 to 4 hours. Urine and serum osmolalities
are the best parameters to follow, but osmolality results
are often not immediately available to the clinician. Thus,
USG and body weight assume great importance for deci-
sion making during performance of the test. An increase
in total plasma protein concentration is a relatively reli-
able indicator of progressive dehydration, but increases
in hematocrit and changes in skin turgor are less reli-
able.%” Serum creatinine and BUN concentrations should
not increase during a properly conducted water depriva-
tion test.

The bladder should be emptied at the time of each
urine collection. Maximal stimulation of ADH release is
present after loss of 5% of body weight. The test is
concluded when the patient either demonstrates ade-
quate concentrating ability or becomes dehydrated as
evidenced by loss of 5% or more of its original body
weight. It is important when weighing the animal to
use the same scale each time and to empty the bladder
at each evaluation.

In normal dogs, dehydration becomes evident after a
mean of 42 hours but occasionally may not occur until
after 96 hours.®” The time required for dehydration to
develop during water deprivation testing in dogs with
disorders characterized by polyuria and polydipsia may
be as short as a few hours or up to 12 hours. By the time

dehydration is evident, normal dogs develop a USG of
1.050 to 1.076, urine osmolality of 1787 to 2791
mOsm/kg, and a urine/plasma osmolality ratio of 5.7
to 8.9.°” Normal cats developed USG values of 1.047
to 1.087 and urine osmolalities of 1581 to 2984
mOsm /kg after water deprivation of sufficient duration
(approximately 40 hours) to induce 5% loss of body
weight.'*? Failure to achieve maximal urinary solute con-
centration does not localize the level of the malfunction,
but a structural or functional defect may be present any-
where along the hypothalamic-pituitary-renal axis. Fur-
thermore, animals with renal medullary solute washout
may have impaired concentrating capacity regardless of
the underlying cause of polyuria and polydipsia.

If there has been less than a 5% increase in urine osmo-
lality or less than 10% change in USG for three consecu-
tive determinations or if the animal has lost 5% or more of
its original weight, 0.25 to 0.5 U /kg aqueous vasopressin
(pitressin) (up to a total dose of 5 U) or 5 pg of DDAVP
may be given subcutaneously and parameters of urinary
concentrating ability monitored at 30, 60, and 120
minutes after ADH injection. Normal dogs and those
with psychogenic polydipsia should show no additional
response to ADH administration in this setting. The
expected responses to water deprivation for dogs with
various disorders of water balance are shown in

Figure 3-16.
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[ History of polydipsia/polyuria ]
[ Rule out iatrogenic causes ]
v .

(

[ Normal physical exam ]

)

[ Apparently sick ]

[ Verify by measurement at home, if necessary ]

[ CBC, biochemical profile, urinanalysis ]
A

(

[ Negative ]

\

[ Positive ]

v

*Hyperthyroidism
*Renal failure

*Diabetes mellitus  *Hypoadrenocorticism
*Renal glucosuria  *Hyperadrenocorticism

Rule out (confirm with specific tests):

*Postobstructive diuresis  *Hepatic failure
*Pyometra *Polycythemia
*Hypercalcemia
*Hypokalemia

y
[ Nondehydrated ]

v

[ Water deprivation test ]

(

)

[ Dehydrated
L Rehydrate

F—

[ Creatinine clearance test ]
I\

Positive Negative Intermediate
APP CDI Patrial CDI
NDI APP + MSW
APP + MSW RI

( 2
[
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Normal Decreased %
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NDI
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[ Exogenous ADH test }‘
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CDI APP + MSW NDI
APP + MSW

v

[ Partial water deprivation or Hickey-Hare test ]

)

Figure 3-15 Clinical approach to the patient with polydipsia and polyuria. APP, Apparent psychogenic
polydipsia; CBC, complete blood count; CDI, central diabetes insipidus; MSW, medullary solute washout; NDI,
nephrogenic diabetes insipidus; Rl, renal insufficiency with solute diuresis. (From Fenner WR. Quick
reference to veterinary medicine, 2nd ed. Philadelphia: JB Lippincott, 1991: 110.)

MODIFIED WATER DEPRIVATION
TEST

A modified water deprivation test has been described for
the diagnosis of polyuric disorders in dogs. Water is
removed from the animal’s cage and the urinary bladder
emptied, after which urine osmolality or specific gravity is
measured and the bladder emptied on an hourly basis.
Maximal urine solute concentration is defined as occur-
ring whenever less than a 5% increase in urine osmolality
occurs on sequential determinations. This maximal con-
centration occurred at a mean urine osmolality of 1414

mOsm/kg in normal dogs after 24 hours of water depri-
vation.''® At this time, 2 to 3 U of aqueous vasopressin
was administered subcutaneously and the urine osmolal-
ity determined at 1 and 2 hours after injection. Further
increase in urine osmolality after administration of vaso-
pressin should not exceed 10% in normal dogs. In this
study, dogs with CDI showed an average 292% increase
in urine osmolality after aqueous ADH, dogs with partial
CDI an average 28% increase, and dogs with hyperadre-
nocorticism an average 20% increase. The time required
to develop dehydration ranged from 3 to 11.5 hours in
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Figure 3-16 Idealized response to water deprivation of dogs with various disorders of water balance. CDI,
Central diabetes insipidus; NDI, nephrogenic diabetes insipidus; MSW, medullary solute washout; ADH,

antidiuretic hormone.

dogs with psychogenic polydipsia, complete or partial
CDI, and hyperadrenocorticism.

GRADUAL WATER DEPRIVATION

Gradual water deprivation can be performed to eliminate
diagnostic confusion caused by renal medullary solute
washout. The owner can be instructed to restrict water
consumption to 120 mL/kg/day 72 hours before, to
90 mL /kg/day 48 hours before, and to 60 mL /kg/day
24 hours before the scheduled water deprivation test.
In dogs with psychogenic polydipsia, this promotes release
of endogenous vasopressin, increased permeability of the
inner medullary collecting ducts to urea, and restoration
of the normal gradient of medullary hypertonicity.
An alternative approach is to instruct the owner to reduce
water consumption by approximately 10% per day over a
3- to 5-day period (but not to less than 60 mL/kg/day).
This approach should be used only in animals that are oth-
erwise healthy on initial clinical evaluation, and the owner
should provide dry food ad libitum and weigh the dog
daily to monitor for loss of body weight.

HICKEY-HARE TEST

In the Hickey-Hare test, water (20 mL/kg) is
administered by stomach tube, an indwelling urinary
catheter is placed, and urine flow (milliliters per minute)
is determined.”” Hypertonic saline (2.5%) is administered
intravenously at a rate of 0.25 mL/min/kg for 45
minutes. Urine volume is recorded every 15 minutes dur-
ing the infusion and for 45 minutes afterward. The nor-
mal response to this procedure is a decrease in the rate of

urine production caused by stimulation of ADH release
by plasma hyperosmolality. It is useful in the differentia-
tion of psychogenic polydipsia with renal medullary sol-
ute washout from NDI after negative water deprivation
and exogenous ADH test results. In NDI, there should
be no change or an actual increase in urine flow, whereas
in psychogenic polydipsia with renal medullary solute
washout, repletion of solute (e.g., NaCl) should have
occurred, and the response to hypertonic saline should
be normal (decreased urine volume). This test is cumber-
some, is contraindicated for patients with congestive
heart failure, and may lead to signs of hypernatremia in
patients that cannot excrete a sodium load. It has largely
been replaced by gradual water deprivation as described
previously.

EXOGENOUS ANTIDIURETIC
HORMONE TESTING

The exogenous vasopressin test may be used for
debilitated patients in which water deprivation is consid-
ered hazardous or to further characterize a concentrating
defect detected by the routine water deprivation test. In
the aqueous vasopressin test, an intravenous infusion of
aqueous vasopressin (pitressin) at 10 mU/kg is given
over 60 minutes. The bladder is emptied at the start of
the study, and parameters of urinary concentrating ability
are measured before and at 30-minute intervals for 3
hours after beginning the infusion. The bladder is emp-
tied at each measurement. In one report, maximal
response to aqueous vasopressin in water-loaded dogs
usually occurred at 60 minutes (range, 30 to 90 minutes)
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TABLE 3-5 Mean Maximal Values for
Parameters of Total
Urine Solute

Concentration*
WDT RVPT AVPT
Uosm (mOsm/kg) 2199 1518 933
Urine specific gravity 1.063 1.042 1.021
Uosm/Posm 7.2 5.6 3.3

From Havdy RM, Osborne CA. Water deprivation test in the dog:
maximal novmal values. | Am Vet Med Assoc 1979;174:479; Hardy RM,
Osborne CA. Aqueous vasopressin response test in clinically normal dogs
undergoing water dinvesis: technique and vesults. Am J Vet Res
1982,43:1987; and Hardy RM, Osborne CA. Repositol vasopressin
response test in clinically novmal dogs undergoing water dinvesis: technique
and results. Am ] Vet Res 1982;43:1991.

*Normal dogs undergoing routine water deprivation testing (WDT),
repositol vasopressin testing (RVPT), and aqueous vasopressin testing
(AVPT).

and consisted of USG values of 1.012 to 1.033, urine
osmolalities of 429 to 1437 mOsm/kg, and urine/
plasma osmolality ratios of 1.5 to 5.1.°® Water should
be provided ad libitum during testing, but water loading
should not be performed in clinical patients.

In the repositol vasopressin test, 3 to 5 U of vasopres-
sin tannate in oil (pitressin tannate) is given intramuscu-
larly, and the bladder is emptied 3 to 6 hours after
injection. Parameters of urinary concentrating ability are
measured before and at 6, 9, 12, and 24 hours after injec-
tion. Oral water loading must be avoided because of the
danger of potentially lethal water intoxication.®” Maximal
response to repositol vasopressin occurred 8 to 12 hours
after injection and consisted of USG values of 1.028 to
1.057, urine osmolalities of 1052 to 1850 mOsm kg,
and urine /plasma osmolality ratios of 3.9 to 6.7.%°

The standard or modified water deprivation test is the
preferred initial test of urinary concentrating ability
because mean maximal values are usually higher with this
test and results are easier to interpret (Table 3-5). Why
higher values for parameters of urinary concentrating abil-
ity are achieved with this test as compared with the exoge-
nous vasopressin tests is unknown. Possible explanations
include the actions of antidiuretic substances other than
ADH that may be present in hydropenic individuals, the
effect of slower renal medullary blood flow in dehydrated
patients, and intensification of the medullary interstitial
gradient in dehydrated individuals.
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