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Disorders of Potassium: Hypokalemia
and Hyperkalemia
Stephen P. DiBartola and Helio Autran De Morais

Potassium is the major intracellular cation in mammalian
cells, whereas sodium is the major extracellular cation.
Normally, the extracellular fluid (ECF) sodium concen-
tration is approximately 140 mEq/L, and the ECF potas-
sium concentration is approximately 4 mEq/L. This
relationship is reversed in intracellular fluid (ICF), in
which the sodium concentration is approximately
10 mEq/L and the potassium concentration is approxi-
mately 140 mEq/L. In experimental studies of dogs,
control values for ICF sodium and potassium
concentrations in skeletal muscle were 8.4 to 13.7 and
139 to 142 mEq/L, respectively.20,107

Total body potassium content in humans is approxi-
mately50to55 mEq/kgbodyweight, and almost all of this
potassiumis readily exchangeable.6,70 Inone studyofpotas-
siumdepletion indogs, thecontrolvalue for totalexchange-
able potassium as determined by 50K dilution was
47.1 mEq/kg body weight (range, 39.8 to 61.1 mEq/
kg).1 In cats, total body potassium is approximately 55
mEg/kgbodyweight.184a Asmuch as 95% ormore of total
body potassium is located within cells, with muscle
containing60% to75%of this potassium.Muscle potassium
contentinnormaldogsandcats isapproximately400 mEq/
kg.20,107,147,191Asa solute, intracellularpotassium is crucial
for maintenance of normal cell volume. Intracellular potas-
sium also is important for normal cell growth because it is
required for the normal function of enzymes responsible
for nucleic acid, glycogen, and protein synthesis.

The remaining 5% of the body’s potassium is located in
the ECF. Maintaining the ECF potassium concentration
within narrow limits is critical to avoid the life-threatening
effects of hyperkalemia on cardiac conduction. In humans,
the serum potassium concentration is inversely correlated
with the total body deficit of potassium (Fig. 5-1). Like-
wise, in dogs with potassium depletion induced by dietary
restriction, the muscle potassium content was strongly
correlated (r¼ 0.87) with the serum potassium concentra-
tion.147 During translocation of potassium between ICF

and ECF, however, the serum potassium concentration
can changewithout any change in the total body potassium
content. One of the most important functions of potas-
sium in the body is its role in generation of the normal rest-
ing cell membrane potential.

THE RESTING CELL
MEMBRANE POTENTIAL
Thenormal relationship betweenECF and ICFpotassium
concentrations is maintained by sodium, potassium-
adenosinetriphosphatase (Naþ, Kþ-ATPase) in cell
membranes. This enzyme pumps sodium ions out of,
andpotassium ions into, the cell in a 3:2Na/K ratio so that
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Figure 5-1 Relationship of serum potassium concentration to
bodily potassium deficit. The data are derived from seven metabolic
balance studies carried out on 24 human subjects depleted of
potassium. (From Sterns RH et al.: Medicine 60:339, 1981.)
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the intracellular concentration of potassium is much
higher than its extracellular concentration. As a result,
Kþ ions diffuse out of the cell down their concentration
gradient. However, the cell membrane is impermeable
to most intracellular anions (e.g., proteins and organic
phosphates). Therefore, a net negative charge develops
within the cell as Kþ ions diffuse out, and a net positive
charge accumulates outside the cell. Consequently, a
potential difference is generated across the cellmembrane.

The principal extracellular cation is sodium, and it
enters the cell relatively slowly down its concentration
and electrical gradients, because the permeability of the
cell membrane to potassium is 100-fold greater than its
permeability to sodium. Diffusion of Kþ ions from the
cell continues until the ECF acquires sufficient positive
charge to prevent further diffusion of Kþ ions out of
the cell. The ratio of the intracellular to extracellular
concentrations of potassium ([Kþ]I/[K

þ]O) is the major
determinant of the resting cell membrane potential as
described by the Nernst equation:

Em ¼ #61 log10
½Kþ%I
½Kþ%O

The Goldman-Hodgkin-Katz equation is a modification
of the Nernst equation that allows prediction of Em based
on the ionic permeability characteristics of the cell mem-
brane to sodium and potassium and the concentrations
of these ions inside and outside the cell:

Em ¼ #61 log10
rPk½Kþ%I þ PNa½Naþ%I
rPk½Kþ%O þ PNa½Naþ%O

where PNa and PK are the membrane permeabilities for
sodium and potassium. The term r is included in the
equation to account for the effect of the electrogenic
Naþ, Kþ-ATPase pump under steady-state conditions.
This term is assigned the Na/K transport ratio of 3:2
so that r ¼ 1.5. If the membrane permeability for potas-
sium is assigned a value of 1.0 and the cell membrane is
100 times more permeable to potassium than sodium:

Em ¼ #61 log10
1:5½Kþ%I þ 0:01½Naþ%I
1:5½Kþ%O þ 0:01½Naþ%O

For example, using the hypothetical ECF and ICF
concentrations of sodium and potassium given at the
beginning of this chapter:

Em ¼ #61 log10
1:5½140% þ 0:01½10%
1:5½4% þ 0:01½140%

Em ¼ #61 log10ð28:4Þ ¼ #89mV

In one study of dogs with potassium deficiency, the
predicted Em was #86.6 mV and the measured Em in

skeletal muscle of control animals was #90.1 mV.20

The resting cell membrane potential plays a vital role in
the normal function of skeletal and cardiac muscle,
nerves, and transporting epithelia.

THE THRESHOLD CELL
MEMBRANE POTENTIAL
The threshold cell membrane potential is reached when
sodium permeability increases to the point that sodium
entry exceeds potassium exit, depolarization becomes
self-perpetuating, and an action potential develops. The
ability of specialized cells to develop an action potential
is crucial to normal cardiac conduction, muscle contrac-
tion, and nerve impulse transmission. The excitability of a
tissue is determined by the difference between the resting
and threshold potentials (the smaller the difference, the
greater the excitability).

Hypokalemia increases the resting potential (i.e.,
makes it more negative) and hyperpolarizes the cell,
whereas hyperkalemia decreases the resting potential
(i.e., makes it less negative) and initially makes the cell
hyperexcitable (Fig. 5-2). If the resting potential
decreases to less than the threshold potential, depolariza-
tion results, repolarization cannot occur, and the cell is no
longer excitable. Translocation of potassium between
body compartments results in a greater change in the
ratio of intracellular to extracellular potassium
concentrations ([Kþ]I/[K

þ]O) than does a change in
total body potassium. In the former instance, the potas-
sium concentrations of the two compartments change in
opposite directions, whereas in the latter instance, they
change in the same direction.

Membrane excitability also is affected by ionized
calcium concentration and acid-base balance. Calcium
affects the threshold potential rather than the resting
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Figure 5-2 Effects of serum calcium and potassium on membrane
potentials of excitable tissues. The concentration of potassium in
extracellular fluids affects the resting potential, whereas calcium
concentrations alter the threshold potential. (From Leaf A, Cotran
R. Renal pathophysiology. New York: Oxford University Press,
1976: 116.)
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potential. Ionized hypocalcemia increases membrane
excitability by allowing self-perpetuating sodium perme-
ability to be reached with a lesser degree of depolariza-
tion, whereas ionized hypercalcemia requires greater
than normal depolarization for this threshold to be
reached (see Fig. 5-2). Thus, hypercalcemia counteracts
hyperkalemia by normalizing the difference between
the resting and threshold potentials, whereas hypocalce-
mia exacerbates the effect of hyperkalemia on membrane
excitability. This principle is the basis for treating
hyperkalemia with calcium salts (see the Treatment of
Hyperkalemia section).Membraneexcitability is increased
by alkalemia anddecreasedby acidemia.As a result of these
factors, clinical signs are not necessarily correlated with
serum potassium concentrations. Electrocardiographic
findings and muscle strength reflect the functional
consequences of abnormalities in serum potassium
concentration.

POTASSIUM BALANCE

EXTERNAL POTASSIUM BALANCE
External balance for potassium is maintained bymatching
output (primarily in urine) to input (from the diet). In the
normal animal, potassium enters the body only through
the gastrointestinal tract, and virtually all ingested potas-
sium is absorbed in the stomach and small intestine.
Transport of potassium in the small intestine is passive,
whereas active transport (responsive to aldosterone)
occurs in the colon. Colonic secretion of potassium
may play an important role in extrarenal potassium
homeostasis in some disease states (e.g., chronic renal fail-
ure) (Fig. 5-3).

Potassium derived from the diet and endogenous cel-
lular breakdown is removed from the body primarily by
the kidneys and, to a much lesser extent, by the gastroin-
testinal tract. During zero balance, 90% to 95% of
ingested potassium is excreted in urine, and the
remaining 5% to 10% is excreted via the gastrointestinal
tract. This pattern of output has been observed during
control balance studies in normal dogs.12,139,152,169,182

In a study of renal handling of potassium in dogs, 90%
to 98% of potassium intake was eliminated from the body
by the kidneys.24

Adaptation occurs during chronic potassium loading
so that the animal is protected from hyperkalemia that
could occur as a result of an acute potassium load. This
effect results from enhanced renal and colonic excretion
of potassium, as well as from enhanced uptake of
potassium by the liver andmuscle, mediated by the effects
of insulin and catecholamines. Potassium deprivation is
associated with decreased aldosterone secretion, suppres-
sion of potassium secretion in the distal nephron, and
increased reabsorption of potassium in the inner medul-
lary collecting ducts. Skeletal muscle potassium

concentration decreases, but brain and heart potassium
concentrations are minimally affected during potassium
depletion.20,107,178 The colon adapts to potassium depri-
vation by decreasing its secretion of potassium.

INTERNAL POTASSIUM BALANCE
Internal balance for potassium is maintained by transloca-
tion of potassium between ECF and ICF. One half to two
thirds of an acute potassium load appears in the urine
within the first 4 to 6 hours, and effective translocation
of potassium from ECF to ICF is crucial in preventing
life-threatening hyperkalemia until the kidneys have suf-
ficient time to excrete the remainder of the potassium
load. Endogenous insulin secretion and stimulation of
b2-adrenergic receptors by epinephrine promote cellular
uptake of potassium in the liver and muscle by increasing
the activity of cell membrane Naþ, Kþ-ATPase. The main
effects of these hormones are to facilitate distribution of
an acute potassium load and not to mediate minor
adjustments in serum potassium concentration. The
ECF concentration of potassium itself plays an important
role in translocation because potassium movement into
cells is facilitated by the change in chemical concentration
gradient resulting from addition of potassium to ECF.
The fraction of an acute potassium load taken up by
the body is increased during chronic potassium depletion
and decreased when total body potassium is excessive.
In summary, any change in serum potassium concentra-
tion must arise from a change in intake, distribution, or
excretion (Fig. 5-4).
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Figure 5-3 Relationship between the degree of renal insufficiency
and fecal potassium excretion. Data points are compiled from three
studies comprising 98 balance periods in 40 human patients.
Variation in dietary protein or sodium intake did not produce
consistent changes in fecal potassium excretion; thus, data points
from these balance periods were included without special
designation. (From Alexander EA, Perrone RD. Regulation of
extrarenal potassium metabolism. In: Maxwell MH, Kleeman CR,
Narins RG, editors. Clinical disorders of fluid and electrolyte
metabolism, 4th ed. New York: McGraw-Hill, 1987: 105–117, with
permission of the McGraw-Hill Companies.)
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EFFECT OF ACID-BASE BALANCE ON
POTASSIUM DISTRIBUTION
The effect of acute pH changes on translocation of potas-
sium between ICF and ECF is complex. In general, acido-
sis is associated with movement of potassium ions from
ICF to ECF, and alkalosis is associated with movement
of potassium ions from ECF to ICF. Early animal studies
and observations in a small number of human patients led
to the prediction that acute metabolic acidosis would be
associated with a 0.6-mEq/L increment in serum potas-
sium concentration for each 0.1-U decrement in pH.
This rule of thumb has circulated widely among
clinicians.31,181,188

However, a critical review of experimental studies in
animals and humans demonstrated that changes in serum
potassium concentration during acute acid-base
disturbances were quite variable.4 The change in serum
potassium concentration was greatest during acute min-
eral acidosis. In dogs, the increase in serum potassium
concentration after administration of a mineral acid
(e.g., HCl or NH4Cl) was very variable, ranging from a
0.17- to 1.67-mEq/L increment in serum potassium
concentration per 0.1-U decrement in pH (mean,
0.75 mEq/L). The increment in serum potassium con-
centration during acute respiratory acidosis in dogs was
much lower, averaging only 0.14 mEq/L per 0.1-U
decrement in pH. The decrement in serum potassium
concentration during metabolic alkalosis in dogs aver-
aged 0.18 mEq/L per 0.1-U increment in pH, whereas
it averaged 0.27 mEq/L per 0.1-U increment in pH dur-
ing respiratory alkalosis. In another study, respiratory
alkalosis induced by hyperventilation in anesthetized
dogs caused a somewhat greater decrement in serum

potassium concentration (0.4 mEq/L) for each 0.1-U
increment in pH.136 An increase in serum potassium con-
centration did not occur in acute metabolic acidosis
caused by organic acids (e.g., lactic acid and ketoacids).*
Acute infusion of b-hydroxybutyric acid in normal dogs
caused an increase in insulin in portal venous blood and
hypokalemia, presumably as a result of potassium uptake
by cells. Conversely, acute infusion ofHCl led to increased
portal vein glucagon concentration and hyperkalemia,
possibly caused by potassium release from cells.5 In sum-
mary, only mineral acidosis is expected to cause any clini-
cally relevant change in serum potassium concentration
during acute acid-base disturbances.

Many factors probably contribute to the variable
changes observed in serum potassium concentration dur-
ing acute acid-base disturbances, including blood pH and
HCO3

# concentration, nature of the acid anion (mineral
versus organic), osmolality, hormonal activity (e.g.,
catecholamines, insulin, glucagon, and aldosterone),
and the metabolic and excretory roles of the liver and
kidneys.4 Hyperosmolality and lack of insulin are more
likely to be responsible for hyperkalemia observed in
patientswith diabetic ketoacidosis than is the acidosis itself.

Hyperkalemia associated with acute metabolic acidosis
induced by mineral acids is transient. In a study of acute
and chronic metabolic acidosis induced in dogs by admin-
istration of HCl or NH4Cl, hyperkalemia was observed
after acute infusion of HCl, but hypokalemia developed
after 3 to 5 days of NH4Cl administration.122 The
observed hypokalemia was associated with inappropri-
ately high urinary excretion of potassium and increased
plasma aldosterone concentration.122 Similar findings
have been reported in rats with chronicmetabolic acidosis
induced by NH4Cl. Despite a total body deficit of potas-
sium, ratswith chronicmetabolic acidosis didnot conserve
potassium appropriately.170 This effectmay be caused by a
decreased filtered loadofHCO3

#, increaseddistal delivery
of sodium, and increased distal tubular flow. Thus, meta-
bolic acidosis of at least 2 to 3 days’ duration is associated
with increased urinary potassium excretion and mild
hypokalemia rather than hyperkalemia.79

RENAL HANDLING OF
POTASSIUM
The kidneys are the primary regulators of potassium bal-
ance. Potassium is filtered at the glomerulus, and approx-
imately 70% of the filtered load is reabsorbed
isosmotically with water and sodium in the proximal
tubule. An additional 10% to 20% of filtered potassium
is reabsorbed in the ascending limb of Henle’s loop.
Finally, 10% to 20% of the filtered load is delivered to
the distal nephron, where final adjustments in potassium
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Figure 5-4 Components of potassium homeostasis. ECF,
Extracellular fluid; ICF, intracellular fluid. (Drawing by Tim Vojt.)

*References 4, 5, 98, 142, 143, 195.
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reabsorption and secretion are made. Potassium
experiences either net reabsorption or secretion in the
connecting tubule, cortical collecting duct, and first por-
tion of the outer medullary collecting duct, depending on
the body’s needs. Net movement of potassium in these
segments of the nephron determines urinary excretion
of potassium. Potassium once again experiences reab-
sorption in the last portion of the outer medullary
collecting duct and inner medullary collecting duct
regardless of the body’s needs.

MECHANISMS OF RENALTUBULAR
TRANSPORT OF POTASSIUM
The transepithelial electrical potential difference is lumen
negative in the early proximal tubule, but no active trans-
port mechanism for potassium has been discovered in this
segment of the nephron. In the proximal tubule, potassium
is reabsorbed along with water by solvent drag via the
paracellular route.Apparently,water reabsorption increases
the luminal concentration of potassium enough to over-
come the unfavorable transepithelial potential difference.
The transepithelial electrical potential difference becomes
lumen positive in the late proximal tubule, and this
facilitates reabsorption of potassium by the paracellular
route. Transcellular transport of potassium in the proximal
tubular cells occurs bymeansof potassiumchannels inboth
luminal and basolateral membranes and by a Kþ-Cl#

cotransporter in basolateral membranes (Fig. 5-5).
In the thick ascending limb of the Henle loop, the

transepithelial electrical potential difference is strongly
lumen positive, and most potassium reabsorption occurs
by the paracellular route. Potassium channels in the lumi-
nal membranes allow potassium to exit the cell down its
concentration gradient and facilitate the electrochemical

gradient for potassium reabsorption via the paracellular
route. Transcellular reabsorption of potassium is
facilitated by the luminal Naþ-Kþ-2Cl# cotransporter
and by potassium channels and a Kþ-Cl# cotransporter
in the basolateral membranes (Fig. 5-6).

The mechanisms of renal potassium handling in the
distal convoluted tubule are shown in Figure 5-7. The
thiazide-sensitive Naþ-Cl# cotransporter and the Kþ-
Cl# cotransporter in the luminal membranes of these
tubular cells result in secretion of potassium and reab-
sorption of sodium while chloride is recycled across the
luminal membrane. The basolateral Naþ, Kþ-ATPase
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Figure 5-5 Renal tubular transport mechanisms for potassium in
the proximal tubule. TEPD, Transepithelial potential difference.
(Drawing by Tim Vojt.)
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Figure 5-6 Renal tubular transport mechanisms for potassium in
the thick ascending limb of Henle’s loop. TEPD, Transepithelial
potential difference. (Drawing by Tim Vojt.)
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Figure 5-7 Renal tubular transport mechanisms for potassium
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Transepithelial potential difference. (Drawing by Tim Vojt.)
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maintains a low intracellular concentration of sodium and
a high intracellular concentration of potassium that facili-
tate sodium reabsorption and potassium secretion across
the luminal membranes.

Principal cells are found in the connecting tubule and
collecting duct and are responsible for potassium secretion.
The basolateral membranes of principal cells are rich in
Naþ, Kþ-ATPase, which maintains a high intracellular
potassium concentration. The luminal membranes of the
principal cells contain an electrogenic sodium channel
(ENaC). This sodium channel is directly blocked by
the diuretics amiloride and triamterene, whereas
spironolactone antagonizes the effect of aldosterone on
the channel. Sodium movement through this channel
renders the tubular lumen negative, and the resultant
increase in lumen electronegativity facilitates secretion of
Kþ ions through luminal Kþ channels (Fig. 5-8).

There are two types of intercalated cells in the distal
nephron. Type A or a intercalated cells contain Hþ-
ATPase and Hþ, Kþ-ATPase in their luminal membranes
and Cl#- HCO3

# countertransporters and Cl# and Kþ

channels in their basolateral membranes. They also con-
tain carbonic anhydrase. This arrangement allows the
intercalated cell to secrete Hþ ions and reabsorb Kþ

andHCO3
# ions. Potassium is actively transported across

the luminal membranes of type a intercalated cells by Hþ,
Kþ-ATPase and then diffuses down its concentration gra-
dient through potassium channels in the basolateral
membranes (Fig. 5-9). Type A and a intercalated cells
are found in the connecting tubule, cortical collecting
duct, and outer medullary collecting duct. Type B and
b intercalated cells are found only in the cortical
collecting ducts and secrete HCO3

# ions. They are able
to do so because their polarity is reversed as compared

with type a intercalated cells (i.e., the Hþ-ATPase is in
the basolateral membrane, and the Cl#- HCO3

#

countertransporter is in the luminal membrane).
Potassium is reabsorbed from the last portion of the

outer medullary collecting duct and throughout the inner
medullary collecting duct. In these segments of the
nephron, potassium is reabsorbed by the paracellular
route despite a lumen-negative transepithelial potential
difference, because reabsorption of water increases the
chemical concentration gradient sufficiently to overcome
the unfavorable electrical gradient.

DETERMINANTS OF URINARY
POTASSIUM EXCRETION
Three main factors affect potassium secretion in the distal
nephron: the magnitude of the chemical concentration
gradient forpotassiumbetween the tubular cells and tubu-
lar lumen, the tubular flow rate, and the transmembrane
potential difference across the luminal membranes of the
tubular cells. Gastrointestinal absorption of a potassium
load increases the ECF concentration of potassium. This
results in an increase in the number of Kþ ions available
for uptake at the basolateralmembranes of the distal tubu-
lar cells by Naþ, Kþ-ATPase, and the resulting increase in
intracellular potassium concentration increases the chem-
ical concentration gradient for diffusion of Kþ ions out of
the tubular cells across their luminal membranes.

Aldosterone is the most important hormone affecting
urinary potassium excretion. Its secretion by the zona
glomerulosa of the adrenal gland is stimulated directly
by hyperkalemia and angiotensin II (produced in response
to volume depletion), whereas adrenocorticotropic
hormone (ACTH), hyponatremia, and decreased
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Figure 5-9 Renal tubular transport mechanisms for potassium in
the a intercalated cells of the late distal tubule and collecting
duct. CA, Carbonic anhydrase; TEPD, Transepithelial potential
difference. (Drawing by Tim Vojt.)
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Figure 5-8 Renal tubular transport mechanisms for potassium
in the principal cells of the late distal tubule and collecting
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Tim Vojt.)
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extracellular pH play permissive roles in promoting aldo-
sterone secretion. Aldosterone release is inhibited by
dopamine and atrial natriuretic factor, both of which are
released in response to volume expansion.

Aldosterone increases reabsorption of Naþ and secre-
tion of Kþ and Hþ ions in the distal nephron. Its primary
effect is to increase the number of open Naþ channels in
the luminal membranes of the principal cells. Sodium
reabsorption via these luminal Naþ channels is electro-
genic (i.e., it generates electronegativity in the tubular
lumen). This electronegativity can be dissipated either
by Kþ or Hþ ion secretion or by Cl# reabsorption in
the distal nephron. Aldosterone increases the activity
and number of Naþ, Kþ-ATPase pumps in the basolateral
membranes of the principal cells, and this effect may
occur as a result of increased entry of Naþ ions across
the luminal membranes. Increased Naþ, Kþ-ATPase
activity in turn increases the intracellular Kþ concentra-
tion and facilitates Kþ secretion across the luminal
membranes. Aldosterone also increases the number of
open Kþ channels in the luminal membrane, thus
facilitating Kþ exit into tubular fluid.

Aldosterone can influence Hþ secretion in two ways.
It directly promotes Hþ ion secretion inHþ-secreting type
a intercalatedcellsbystimulationof theHþ-ATPasepresent
in their luminalmembranes.AldosteronealsopromotesHþ

secretion in the distal tubule by stimulating electrogenic
Naþ reabsorption in principal cells and increasing lumen
electronegativity, which favors enhanced Hþ secretion.

An increase in distal tubular flow enhances potassium
secretion by rapidly moving secreted Kþ ions downstream
and providing new tubular fluid from upstream in the
nephron. This allowsmaintenance of a high chemical con-
centration gradient for potassium secretion and provides a
“sink” for movement of Kþ ions into tubular fluid.
A decrease in distal tubular flow has the opposite effect
and promotes dissipation of the chemical gradient for dif-
fusion of Kþ ions from principal cells into tubular fluid.

Lumen electronegativity is generated by sodium reab-
sorption throughNaþ channels in the luminalmembranes
of principal cells. Normally, some of this electronegativity
is dissipatedby passiveCl# reabsorption. If a large concen-
tration of a relatively nonresorbable anion (e.g., SO4

2#,
HCO3

#, penicillin) is present in distal tubular fluid, less
dissipation of the electronegativity occurs, and Kþ secre-
tion is enhanced.This factor contributes to thepathophys-
iology of metabolic alkalosis. In this setting, there is less
Cl#and more HCO3

# in the distal tubular fluid, and
HCO3

# is relatively nonresorbable in the cortical
collecting duct. This is one reason metabolic alkalosis
promotesurinaryKþ excretion.Amiloride is adiuretic that
impairs luminal Naþ entry into principal cells by decreas-
ing thenumberofopenNaþ channels.This in turn reduces
lumen electronegativity and impairs Kþ secretion. Thus,
the magnitude of distal tubular lumen electronegativity
has an important effect on urinary Kþ excretion.

The Naþ and Cl# concentrations of distal tubular fluid
usually have little effect onKþ secretion.When the luminal
Naþ concentration is very low (<25 to 35 mEq/L), how-
ever, diffusion of Naþ ions into distal tubular cells may be
impaired sufficiently to produce an increase in the tubular
cell transmembrane potential (making the cell interior
more negative) and impeding diffusion of Kþ ions from
the cell into the tubular lumen.85,204,205 Extremely low
luminal Cl# concentrations (<10 mEq/L) may increase
net potassium secretion, possibly because some fraction
of Kþ reabsorption or secretion may be accomplished by
Kþ-Cl# cotransport.198 Such a mechanism may also play
a role in the pathophysiology of enhanced urinary Kþ

excretion during metabolic alkalosis. Antidiuretic hor-
mone (ADH)helpsminimize disruptionof potassiumbal-
ance duringwater deprivationby increasing the number of
open luminal Kþ channels in principal cells and facilitating
potassium excretion at a time when distal tubular flow is
reduced.36,69,183 Conversely, potassium excretion is not
necessarily increased despite increased distal tubular flow
during water diuresis because ADH is suppressed. Major
factors affecting renal excretion of potassium are
summarized in Figure 5-10.

FACTORS INFLUENCING RENAL
POTASSIUM EXCRETION
Sodium Intake
High sodium intake is associated with increased urinary
potassium excretion as a result of increased potassium
secretion in the connecting tubule and cortical collecting
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Figure 5-10 Factors affecting urinary excretion of
potassium. (Drawing by Tim Vojt.)
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duct. Increased delivery of sodium to the distal nephron
results in more sodium crossing the luminal membranes
of the distal tubular cells down its concentration gradient.
This increased entry of Naþ ions into the tubular cells
leads to increased activity of Naþ, Kþ-ATPase in the
basolateral membranes with removal of sodium to the
peritubular interstitium and increased cellular uptake of
potassium. This increased intracellular potassium then
crosses the luminal membranes of the tubular cells and
enters the tubular fluid down a favorable electrochemical
gradient. Increased sodium delivery to the distal nephron
also increases the distal tubular fluid flow rate, which
enhances the chemical concentration gradient for potas-
sium between the tubular cell cytoplasm and tubular
fluid.

Low sodium intake is associated with decreased renal
potassium excretion as a result of mechanisms opposite
to those described previously. In addition, increased
potassium reabsorption by type a intercalated cells occurs
in the medullary collecting duct. One reason for this
increased reabsorption may be increased recycling of
potassium into the medullary interstitium, which may
play a role in the urinary concentrating mechanism when
sodium intake is restricted.

Potassium Intake
High potassium intake is associated with increased uri-
nary potassium excretion as a result of increased tubular
secretion of potassium in the connecting tubule, cortical
collecting duct, and outer medullary collecting duct. This
occurs because of increased numbers and activity of Naþ,
Kþ-ATPase pumps, and amplification of the basolateral
membranes of principal cells, which results from an
increased concentration of aldosterone. Therefore, more
potassium is actively pumped into the tubular cells from
the peritubular interstitium, then leaves the cells down a
favorable electrochemical gradient, and enters the tubular
fluid.

Low potassium intake results in decreased urinary
excretion of potassium. In the presence of low potassium
intake, tubular secretion by principal cells is decreased to
absent in the connecting tubule, cortical collecting duct,
and outer medullary collecting duct and increased reab-
sorption by type a intercalated cells occurs in the inner
medullary collecting duct. The decrease in tubular secre-
tion results from less potassium being available for
peritubular uptake into the tubular cells by the Naþ,
Kþ-ATPase pump and a less favorable concentration gra-
dient for potassium to leave the tubular cells and enter
tubular fluid.

Dietary potassium intake also has a direct effect on the
function of the luminal potassium channels in principal
cells. A high potassium intake increases the activity of
these channels by decreasing the phosphorylation of a
specific tyrosine residue in the ROMK protein compo-
nent of the channel, which in turn results in decreased

removal of the channels from the luminal membranes.
A low potassium diet has the opposite effect.82,201,203

Mineralocorticoids
An increased concentration of aldosterone results in
increased urinary excretion of potassium as a result
of increased secretion of potassium by tubular cells mainly
in the cortical collecting duct. The actions of aldosterone
on the principal cells result in increased uptake of potas-
sium from the peritubular interstitium and increased
movement of potassium into tubular fluid across the
luminal membranes of the principal cells. A decreased
transmembrane potential difference across the luminal
membrane (as Naþ ions enter from tubular fluid) allows
potassium to exit more easily into the tubular fluid (i.e.,
the interior of the cell is now less negative compared with
the tubular fluid). A decreased concentration of aldoste-
rone results in decreased urinary excretion of potassium.

Hydrogen Ion Balance
Acute mineral metabolic acidosis decreases urinary excre-
tion of potassium. Chronic metabolic acidosis actually
may increase urinary excretion of potassium. If distal
tubular flow remains constant, acute (<8 hours) mineral
metabolic acidosis results in decreased urinary excretion
of potassium because, during metabolic acidosis caused
by administration of a mineral acid, Hþ ions enter cells
to be buffered by intracellular proteins in exchange for
Kþ ions that leave cells and enter the ECF.181,188 When
this ion exchange occurs across the basolateralmembranes
of the cells of the connecting tubule and cortical
collecting ducts, the resulting decreased intracellular
concentration of potassium is associated with less tubular
secretion of potassiumbecause of a less favorable chemical
concentration gradient.

A critical factor determining whether acute metabolic
acidosis causes this exchange ofHþ and Kþ ions across the
cell membranes is the permeability of the anion associated
with the acid. Chloride ions are relatively impermeable
and cannot follow the Hþ ions into the cell, whereas
lactate and ketoacid anions are more permeable and can
follow Hþ ions into the cell so that Kþ ions do not need
to be exchanged with Hþ ions for electroneutrality. As a
result, acute mineral metabolic acidosis may be associated
with Hþ- Kþ exchange across cell membranes, but acute
organic metabolic acidosis is not. Chronic (>3 days) met-
abolic acidosis caused by administration of a mineral acid
leads to mild hypokalemia, possibly caused by stimulation
of aldosterone secretion by the acidosis.79,122,170 Even in
acute acidosis, a decreased filtered load of bicarbonate can
reduce sodium reabsorption in the proximal tubules and
increase delivery of sodiumandwater to the distal nephron.
This increases the distal tubular flow rate and enhances
urinary potassium excretion.

During alkalosis, Hþ ions leave cells to titrate bicar-
bonate in the ECF in exchange for Kþ ions that enter
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the cells. The increased concentration of potassium in the
distal tubular cells results in increased secretion of potas-
sium because of a more favorable chemical concentration
gradient. Alkalosis also appears to directly stimulate the
basolateral Naþ, Kþ-ATPase in the principal cells of the
cortical collecting duct.

Diuretics
Many clinically important diuretics (furosemide,
ethacrynic acid, thiazides, and mannitol) cause increased
urinary excretion of potassium andmay result in depletion
of body potassium stores. These diuretics increase the dis-
tal tubular delivery of sodium and the distal tubular fluid
flow rate and, as a result of these effects, cause increased
urinary potassium excretion for the same reason as
described earlier in the discussion of the effects of high
sodium intake on potassium excretion.

NORMAL SERUM
CONCENTRATIONS
Ion-selective potentiometry and flame photometry are
methods used by clinical laboratories to measure sodium
and potassium concentrations in body fluids. Electrolytes
in plasma are excluded from the fraction of plasma (nor-
mally about 7%) that is occupied by solids (e.g., lipids and
proteins) and are confined to the aqueous phase of plasma
(about 93% of total plasma volume). Flame photometry
and indirect potentiometry are affected by the exclusion
of electrolytes from the fraction of plasma that is occupied
by solids, whereas direct potentiometry is not.194 The
resulting error is usually small, but for serum sodium con-
centration it may be clinically relevant in patients with
hyperlipemia (see Chapter 3). Potassium is present in
ECF at a much lower concentration than sodium, and
the effect of hyperlipemia on the measured serum potas-
sium concentration is much less apparent.

Normal values for serum potassium concentration in
dogs and cats vary slightly among laboratories but are
expected to be 3.5 to 5.5 mEq/L, with an average value
of approximately 4.5 mEq/L. Serum potassium concen-
trations exceed plasma concentrations because potassium
is released from platelets during the clotting process.
There is a positive correlation between platelet count
and serum potassium concentration in dogs.49,155 The
difference between serum and plasma potassium
concentrations is most pronounced in animals with
thrombocytosis.50,124,155 In one study, serum potassium
concentration was greater than plasma potassium con-
centration by amean of 0.63 mEq/L in dogs with normal
platelet counts and by a mean of 1.55 mEq/L in dogs
with thrombocytosis.155

The potassium content of erythrocytes varies in mam-
malian species, and hemolysis can result in hyperkalemia
in species that have high red cell potassium
concentrations (Table 5-1). Normal adult canine and

feline red cells usually contain potassium in concen-
trations similar to those of plasma, and hemolysis is not
associated with hyperkalemia.42,48,65,93,153 In one study,
storage of canine red cells in citrate-phosphate-dextrose-
adenine for 40 days resulted in an increase in plasma
potassium concentration from 5 to almost 9 mEq/L
despite the fact that the original intracellular potassium
concentration in the red cells was only 3.8 mEq/L.153

Regardless of the underlying mechanism, this magnitude
of increase in plasma potassium concentration would be
unlikely to result in detectable hyperkalemia in a recipient
dog transfused with blood stored in this manner.

The potassium concentrations of red cells from neona-
tal dogs are higher than those of red cells from adult
dogs.42,132,145 Red cell concentrations of potassium
decrease during the first weeks of life and reach normal
adult concentrations by approximately 8 to 13 weeks of
age. In one study, mean red cell potassium concentrations
in puppieswere19.0 mEq/Lat 1dayof age, 15.1 mEq/L
at 5 weeks of age, and 8.7 mEq/L at 13 weeks of age.42

Reticulocytes from adult dogs also contain higher potas-
sium concentrations than do mature red cells.120 In adult
Akitas, red cell potassium concentrations may exceed
70 mEq/L, and hemolysis results in a progressive increase
in plasma potassium concentration (up to 24 mEq/L)
during storage of blood.48,158

Dogs may be divided genetically into two groups
based on the presence or absence of Naþ, Kþ-ATPase
activity in the membranes of their mature red cells.99,121

Dogs with red cell membrane Naþ, Kþ-ATPase activity
maintain high intracellular potassium concentrations,
whereas those without red cell Naþ, Kþ-ATPase activity
maintain red cell potassium concentrations similar to

TABLE 5-1 Sodium and Potassium
Concentrations of
Mammalian
Erythrocytes

Species
Sodium
(mEq/L)

Potassium
(mEq/L)

Human 10-21 104-155
Dog LK* 93-150 4-11
Dog HK*121 54 124
Cat 104-142 6-8
Horse 4-16 80-140
Cow LK* 72-102 7-37
Cow HK* 15 70
Sheep LK* 74-121 8-39
Sheep HK* 10-43 60-88
Swine 11-19 100-124

HK, High potassium; LK, low potassium.
*Sheep, cattle, and dogs demonstrate polymorphism with respect to
their intracellular cation concentrations, depending on the level of Naþ,
Kþ -ATPase activity in the mature red cell membranes.
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those of plasma. Reticulocytes from low-potassium (LK)
dogs possess Naþ, Kþ-ATPase, but it is rapidly and
completely degraded by a proteolytic process during cell
maturation.100,120 Reticulocytes from high-potassium
(HK) dogs have twice as much Naþ, Kþ-ATPase activity
as reticulocytes from LK dogs, but in the HK dogs, deg-
radation of the enzyme ceases early in maturation, and
sufficient activity remains in the mature red cell to
account for the observed high intracellular concentration
of potassium.120 The HK phenotype is inherited as an
autosomal recessive trait and occurs with an incidence
of 26% to 38% in the Shiba and Akita breeds in Japan
and 42% in the Jindo breed in Korea.76 The HK pheno-
type also may be seen in the Chinese shar-pei breed and
can cause pseudohyperkalemia.16 Some dogs with the
HK phenotype also accumulate large amounts of reduced
glutathione in their erythrocytes (so-calledHK/HGphe-
notype), which predisposes them to oxidative injury and
hemolytic anemia associated with onion ingestion.209

Red cells of English springer spaniel dogs with phos-
phofructokinase deficiency had potassium concentrations
of 19.2 to28 mEq/Las comparedwith5.1 to7.7 mEq/L
in control dogs, and hemolytic crises in affected dogswere
associated with hyperkalemia.83 The higher potassium
concentration in the red cells of affected dogs was
attributed in part to the large number of circulating
reticulocytes (7% to 26%). The same mutation has been
reported to cause phosphofructokinase deficiency and
hyperkalemia in whippets.80

Hemolysis in Akitas (and presumably in other HK
dogs) and thrombocytosis cause what has been called
pseudohyperkalemia because these effects occur in vitro.
Pseudohyperkalemia also has been reported in a dog with
acute lymphoblastic leukemia before chemotherapy.95

Leakage of potassium from the leukemic cells in vitro
was thought to be responsible for pseudohyperkalemia
in this case. Use of plasma from small blood samples
collected in an excessive volume of tripotassium ethylene-
diaminetetraacetic acid also may result in measured
hyperkalemia.

HYPOKALEMIA

CLINICAL AND LABORATORY
FEATURES
Many dogs and cats with hypokalemia have no clinical
signs. Muscular weakness, polyuria, polydipsia, and
impaired urinary concentrating capacity are the clinical
signs most likely to be recognized in dogs and cats with
symptomatic hypokalemia. The pathophysiology of these
clinical signs is discussed here.

The clinician should verify the abnormal serum potas-
sium concentrationwith the laboratory, butmeasurement
of potassium by flame photometry and ion-selective
potentiometry is reliable, and errors are uncommon.

The clinical history often provides information about
the likely source of potassium loss (e.g., chronic vomiting
anddiuretic administration) or the possibility of transloca-
tion (e.g., insulin administration and alkalosis).

Determination of the fractional excretion of potassium
(FEK) may help differentiate between renal and nonrenal
sources of potassium loss. Fractional potassium excretion
can be calculated and expressed as a percentage using:

ðUK=SKÞ
ðUCr=ScrÞ

( 100

where UK is the urine concentration of K (mEq/L), SK is
the serum concentration of K (mEq/L), UCr is the urine
concentration of creatinine (mg/dL), and SCr is the
serum concentration of creatinine (mg/dL).

The FEK should be less than 4% for nonrenal sources of
loss, and in the presence of hypokalemia, values above 4%
may indicate inappropriate renal loss.60 In one study,
however, FEK values for normal cats were 10.6 )
2.1%.3 In another study of normal cats receiving a potas-
sium-deficient diet, FEK values decreased from 10% to
12% to 3% to 6%.61 Thus, FEK values up to 6% should
probably be considered normal in potassium-depleted
animals with normal renal function. However, the clinical
utility of FEK calculations is limited by the fact that FEK

does not correlate well with 24-hour urinary excretion of
potassium.3,74 The occurrence of hypokalemia in patients
with metabolic alkalosis suggests vomiting of stomach
contents or diuretic administration as likely causes of
potassium loss. In patients with hypokalemia and meta-
bolic acidosis, diarrhea caused by small intestinal disease,
chronic renal failure, and distal renal tubular acidosis are
more likely causes of potassium loss (Fig. 5-11).

The effect of aldosterone on serum potassium excre-
tion can also be evaluated by comparing urine and serum
potassium concentrations after correcting the urine
potassium concentration for reabsorption of solute-free
water by the kidneys. This index has been called the
transtubular potassium gradient (TTKG).39,122,204,205

A value of 5.0 or higher has been said to indicate the pres-
ence of an aldosterone effect, whereas a value of 3.0 or less
is expected in the absence ofmineralocorticoid activity.205

Use of the TTKG is valid only when the urine osmolality is
greater than300mOsm/kgand theurine sodiumconcen-
tration isgreater than25 mEq/L.The renalTTKGmaybe
estimated according to the equation:

TTKG ¼ ½UK=ðUOsm=SOsmÞ%=SK

whereUK is the urine potassium concentration (mEq/L),
SK is the serum potassium concentration (mEq/L),
UOsm is the urine osmolality (mOsm/kg), and SOsm is
the serum osmolality (mOsm/kg).204,205 Values for
TTKG were estimated as 3.7 ) 0.9 in normal cats and
4.2 ) 1.3 in normal dogs.52,56 Determination of TTKG
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was used in a dog with hypoadrenocorticism to assess the
contribution of concurrent trimethoprim administration
on the observed hyperkalemia.166 The causes of hypoka-
lemia are listed in Box 5-1, and the diagnostic approach to
hypokalemia is presented in Figure 5-11.

Effects of Potassium Depletion on
Acid-Base Balance
Hypokalemia often is said to be associated with metabolic
alkalosis, but early studies used diuretics or mineralo-
corticoids to induce potassium depletion. These methods

• Administration of K-deficient fluids?
• Drug administration
   (e.g., loop diuretics, thiazides)

Translocation of K+ ECF Æ ICF Vomiting or diarrhea?

Gastrointestinal loss of K+

Post-obstructive diuresis

Recent relief of
urethral obstruction?

• Chronic renal failure (cats > dogs)
• Diet-induced hypokalemic nephropathy (cats)

Renal tubular acidosis Mineralocorticoid excess
(hyperaldosteronism)

Hyperchloremic
metabolic acidosis?

Azotemia, isosthenuria,
PU/PD?

• Administration of insulin and glucose?
• Alkalemia?
• Catecholamines?
• Albuterol overdosage?
• Burmese cat?

Yes No

Yes No

Yes FEK > 6%FEK £ 6% No

Yes No

Yes No

Yes No

Consider
iatrogenic hypokalemia

Figure 5-11 Algorithm for the clinical approach to hypokalemia. (Drawing by Tim Vojt.)

BOX 5-1 Causes of Hypokalemia

Decreased Intake
Alone unlikely to cause hypokalemia unless

diet is aberrant
Administration of potassium-free (e.g., 0.9% NaCl, 5%

dextrose in water) or deficient fluids (e.g., lactated
Ringer’s solution over several days)

Bentonite clay ingestion (e.g., cat litter)

Translocation (ECF ! ICF)
Alkalemia
Insulin/glucose-containing fluids
Catecholamines
Hypothermia
Hypokalemic periodic paralysis (Burmese cats)
Albuterol overdosage

Increased Loss
Gastrointestinal (FEK <4%-6%)

Vomiting of stomach contents
Diarrhea

Urinary (FEK >4%-6%)
Chronic renal failure in cats
Diet-induced hypokalemic nephropathy in cats
Distal (type I) renal tubular acidosis (RTA)
Proximal (type II) RTA after NaHCO3 treatment
Postobstructive diuresis
Dialysis
Mineralocorticoid excess

Hyperadrenocorticism
Primary hyperaldosteronism (adenoma,
adenocarcinoma, hyperplasia)

Drugs
Loop diuretics (e.g., furosemide, ethacrynic acid)
Thiazide diuretics (e.g., chlorothiazide,

hydrochlorothiazide)
Amphotericin B
Penicillins
Unknown mechanism
Rattlesnake envenomation
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probably caused disproportionate urinary loss of chloride
relative to the chloride concentrationofECF, andchloride
depletion presumably was themajor factor responsible for
the development of metabolic alkalosis (see Chapter 10).

Pure potassium depletion apparently does cause meta-
bolic alkalosis in rats, but in dogs it leads to metabolic aci-
dosis.20,32,77 When potassium depletion was produced
during a 2- to 4-week period in dogs, and care was taken
to prevent chloride depletion, metabolic acidosis devel-
oped.32,77 When potassium was restored to the diet, met-
abolic acidosis resolved within 5 days. The observed
reduction in net acid excretion and metabolic acidosis
that accompany dietary potassium depletion in the dog
appear to be caused by a distal renal tubular acidification
defect, which is promptly reversed by potassium reple-
tion.77 This acidification defect is at least partially related
to decreased aldosterone secretion.97

Chronic potassium depletion also appears to lead to
metabolic acidosis in cats. Adult cats were fed a potas-
sium-restricted (0.2% potassium), 32% protein diet with
or without 0.8% NH4Cl.

61 Serum potassium
concentrations decreased from 4.3 to 4.5 mEq/L to
3.1 to 3.5 mEq/L in the NH4Cl-treated cats and to
3.6 to 3.8 mEq/L in the cats not receiving NH4Cl. Uri-
nary FEK was appropriately decreased to 3% to 6% in both
groups of cats. Potassium balance was decreased in both
groups but became negative only in the NH4Cl-treated
cats. Metabolic acidosis developed in both groups but
was more severe in cats treated with NH4Cl. Metabolic
acidosis resolved in both groups during potassium
repletion.

Effects on Muscle
Muscle weakness develops when serum potassium
concentration decreases to less than 3.0 mEq/L,
increased creatine kinase concentration develops
when serum potassium concentration decreases to less
than 2.5 mEq/L, and frank rhabdomyolysis may occur
when serum potassium concentration decreases to less
than 2.0 mEq/L.106 Rear limb weakness may be
observed in dogs and cats with hypokalemia. In cats,
weakness of the neck muscles with ventroflexion of the
head is commonly observed.57,59,180 Forelimb
hypermetria and a broad-based hind limb stance also
may be observed in hypokalemic cats. Respiratory muscle
paralysis required ventilatory support in two cats with
potassium depletion and was thought to be the cause
of death in an experimental study of potassium depletion
in dogs.59,147 Acute onset of hypokalemia and muscular
weakness also have been reported in hyperthyroid cats.140

Three of the four cats in this study received fluid therapy
with lactated Ringer’s solution and were treated by surgi-
cal thyroidectomy, but one cat developed hypokalemia
before treatment. Serum potassium concentration was
less than normal in only 5% of hyperthyroid cats in
an early study,149 but in a recent study hypokalemia was

present in almost 30% of hyperthyroid cats before treat-
ment by thyroidectomy.137

The effects of progressive potassium depletion on skel-
etal muscle were studied in dogs and rats.20 In both spe-
cies, a progressive increase in ICF sodium concentration
and a progressive decrease in ICF potassium concentra-
tion were observed during potassium deficiency. In rats,
hyperpolarization of the cell membrane (as predicted by
the Goldman-Hodgkin-Katz equation) was detected by
direct measurement at all stages of potassium depletion.
In dogs, there was an initial hyperpolarization of the cell
membrane (meanmeasured Em,#92.4mV) duringmod-
erate potassium deficiency because [Kþ]O decreased pro-
portionately more than [Kþ]I. There was a dramatic
decrease in Em (mean measured value, #54.8 mV) at
the onset of muscle weakness and paralysis in dogs with
severe potassium deficiency (serum potassium concentra-
tion, 1.6 mEq/L). In rats with potassium deficiency,
predicted and measured Em values were similar during
both moderate and severe potassium deficiencies, and
paralysis was not observed. The inability to predict resting
Em in dogs with severe potassium depletion could be
explained by an increase in the sodium permeability of
the muscle cell membrane. This study also demonstrated
the development of metabolic acidosis in dogs (pH, 7.29;
HCO3

#, 17.0 mEq/L) and metabolic alkalosis (pH,
7.54; HCO3

#, 37.0 mEq/L) in rats with severe potas-
sium deficiency.

Potassium is released from muscle cells during exer-
cise, causing Vasodilatation and increased blood flow.106

This release of cellular potassium is impaired in states of
potassium depletion, resulting in muscle ischemia. Mus-
cle blood flow and potassium release increased markedly
during exercise in normal but not in potassium-depleted
dogs (serum potassium concentration, 2.3 mEq/L), and
exercise caused rhabdomyolysis characterized by focal
necrosis and inflammatory cell infiltration in potassium-
depleted dogs.107 Increased creatine kinase
concentrations and electromyographic abnormalities
have been observed in cats with hypokalemic
polymyopathy, but histopathologic lesions usually are
mild or absent.59,180 In dogs with experimentally induced
potassium depletion, electromyographic changes were
not observed, and increased serum creatine kinase con-
centration andmuscle histopathology were observed only
in dogs that had experienced extremely rapid potassium
depletion induced by administration of desoxycorti-
costerone acetate in addition to a potassium-deficient
diet.147 Intestinal ileus has been described in human
patients with potassium depletion but usually is not
recognized clinically in dogs and cats.

Effects on the Cardiovascular System
Electrocardiographic changes and cardiac arrhythmias
may develop, because hypokalemia delays ventricular
repolarization, increases the duration of the action
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potential, and increases automaticity. The electrocar-
diographic changes associated with hypokalemia in
human patients (e.g., decreased amplitude T waves, ST
segment depression, and U waves) are not consistently
observed in dogs and cats, but supraventricular and ven-
tricular arrhythmias may occur. Prolongation of the
QT–interval andUwaveshavebeen reported in adogwith
severe hypokalemia (2.0 mEq/L) caused by chronic
vomiting and in dogs with experimentally induced potas-
sium depletion (serum potassium concentration,
2.2 mEq/L).14,86,91 In another study, development of
hypokalemia in dogs over a 5-day period was associated
with STsegmentdeviations, decreased amplitudeTwaves,
and the appearance of U waves.68 The appearance of T
waves in normal dogs is variable (e.g., positive, negative,
and biphasic), and interpretation of the effects of hypoka-
lemia on ventricular repolarization is difficult unless a
baseline electrocardiogram has been obtained previously.
Hypokalemia potentiates the toxic effects of digitalis on
cardiac conduction and may potentiate premature
contractions. Hypokalemia also renders the myocardium
refractory to the effects of class I antiarrhythmic agents
(e.g., lidocaine, quinidine, procainamide). Therefore,
serum potassium concentration should be measured and
hypokalemia should be corrected in dogs with ventricular
arrhythmias unresponsive to antiarrhythmic therapy.

Effects on the Kidneys
Potassium depletion produces functional and morpho-
logic abnormalities in the kidneys, referred to as hypoka-
lemic nephropathy. Renal vasoconstriction leads to
decreases in renal blood flow and glomerular filtration
rate (GFR). Polyuria and polydipsia are observed in
potassium depletion and result from impaired
responsiveness of the kidneys to ADH. Defective
collecting duct responsiveness to ADH is associated with
decreased medullary tonicity, increased medullary blood
flow, and impaired cyclic adenosine monophosphate
(cAMP) generation in response to ADH. The urinary
concentrating defect in potassium depletion results from
decreased expression of ADH-regulated aquaporin-
2 water channels in the luminal membranes of the renal
epithelial cells of the cortical and medullary collecting
ducts.10,125

In one study, potassium depletion in dogs over an aver-
age of 51 days led to a decrease in total exchangeable
potassium from 47.1 to 35.3 mEq/kg and a decrease in
serum potassium concentration from more than
4.0 mEq/L to approximately 2.5 mEq/L.1 These dogs
experienced decreases in GFR, renal blood flow, and uri-
nary concentrating capacity (UOsm after 20 hours of water
deprivation) of approximately 25%. In another study,
potassium depletion (serum potassium concentration,
2.1 mEq/L) in dogs had little effect on GFR but caused
a 45% reduction in maximal UOsm (1902 to 1055
mOsm/kg).19 In a clinical report, a dog with chronic

vomiting and hypokalemia (2.0 mEq/L) developed poly-
uria, polydipsia, and a urinary concentrating defect that
persisted after correction of hypokalemia.86 These
abnormalities were attributed to medullary washout of
solute and were corrected by partial water restriction
and dietary supplementation with NaCl and KCl. In yet
another study, dogs subjected to potassium depletion
(serum potassium concentration, 2.9 mEq/L) experi-
enced a doubling of urine volume (596 to 1202 mL
per 24 hours) and a 40% reduction in maximum urine
osmolality (2006 to 1187 mOsm/kg).167

Potassium depletion increases renal ammoniagenesis
and urinary net acid excretion, whereas potassium load-
ing tends to have the opposite effect.189 In the rat,
increased ammoniagenesis during potassium depletion
occurs primarily via enhanced phosphate-dependent
glutaminase activity and increased mitochondrial
ammoniagenesis in the proximal tubular cells of the renal
cortex. The decrease in ammoniagenesis during potas-
sium loading may occur in renal tubular cells from the
outer medullary region. Many experimental studies on
potassium depletion and renal regulation of acid-base bal-
ance have been performed in rats. The renal response of
the dog to acute acidosis is known to differ somewhat
from that of the rat, and care must be taken in
extrapolating data about the renal response to potassium
depletion in the rat to dogs.190

Proximal renal tubular sodium reabsorption is
increased during potassium depletion, possibly as a result
of an increase in the activity of the proximal Naþ-Hþ

antiporter. However, distal sodium reabsorption is
decreased during potassium depletion. This presumably
occurs as a result of decreased aldosterone secretion
and is a direct effect of decreased ECF potassium concen-
tration on the zona glomerulosa of the adrenal glands.
Decreased distal sodium reabsorption decreases Kþ and
Hþ ion secretion by decreasing luminal electronegativity.
This decreases potassium loss in the urine but also tends
to impair renal acid excretion. Thus, increased renal
ammoniagenesis during potassium depletion may repre-
sent amechanism for enhancing urinary excretion of fixed
acid (as NH4

þ) at a time when distal Hþ ion secretion
is impaired. Consequently, derangements in acid-base
balance are minimized.

The cytoplasmic and mitochondrial enzyme activity
profile of renal tubular cells during potassium depletion
is strikingly similar to that observed during chronic met-
abolic acidosis.189 This similarity suggests the possibility
of a common effector mechanism for stimulation of renal
ammoniagenesis. Intracellular pH would be a logical can-
didate for such an effector. As Kþ ions leave cells to main-
tain ECF potassium concentration during potassium
depletion, Hþ ions enter cells and presumably lower
intracellular pH. Reduced intracellular pH may in turn
be the signal for increased renal ammoniagenesis from
glutamine. Some studies have demonstrated reduced
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intracellular pH in renal tubular cells during potassium
depletion, whereas others have found no change.2,177

Increased ammonia concentrations may activate the
third component of complement (C3) and contribute
to development of chronic tubulointerstitial disease by
recruitment of immune cells.138,196 Vacuolization of
proximal tubular cells is observed in human patients,
whereas similar lesions are observed in the distal nephron,
mainly in the medullary collecting ducts, in potassium-
depleted rats. Vacuolization of proximal tubular epithelial
cells has also been reported in potassium-depleted dogs.1

SPECIFIC CAUSES OF HYPOKALEMIA
IN DOGS AND CATS
Hypokalemia arises from decreased intake, translocation
of potassium from ECF to ICF, and excessive loss of
potassium by either the gastrointestinal or urinary route.
Decreased intake of potassium alone is unlikely to cause
hypokalemia, but it may be a contributing factor. In
chronically ill animals, for example, prolonged anorexia,
loss ofmusclemass, and ongoing urinary potassium losses
probably combine to cause hypokalemia. A specific cause
for mild hypokalemia in hospitalized dogs and cats often
cannot be identified. Such hypokalemia may resolve with
successful treatment of the primary disease process.
Iatrogenic hypokalemia may develop when potassium-
deficient fluids are administered to anorexic patients in
a hospital setting. For example, lactated Ringer’s solution
(potassium concentration, 4 mEq/L) is a replacement
solution and does not provide sufficient potassium for
maintenance needs in most animals. Solutions used
for maintenance fluid therapy should contain 15 to
30 mEq/L potassium (see Chapter 14). Ingestion of
certain types of clay has been associated with hypokalemia
in humans because the clay can bind potassium in the
gastrointestinal tract and impair its absorption, and hypo-
kalemia has been reported in a cat after ingestion of clay
cat litter containing bentonite.18,84,96

Translocation of potassium into cells may occur with
alkalemia, insulin release, and catecholamine release.
Alkalemia contributes to hypokalemia as Kþ ions enter cells
in exchange for Hþ ions. Insulin promotes uptake of glu-
cose and potassium by hepatic and skeletal muscle cells and
may contribute to hypokalemia when glucose-containing
fluids are administered. The stress of illness and the
associated epinephrine releasemay also contribute tohypo-
kalemia. Severe hypokalemia has been reported in dogs
that have ingested the b2-adrenergic agonist albute-
rol.129,200 Themechanism of hypokalemia was presumably
rapid uptake of extracellular potassium by liver and muscle
cells. Hypokalemia has been associated with hypothermia,
possibly as a result of potassium entry into cells.164 Mild
hypokalemia was reported in 78% of dogs suffering from
rattlesnake envenomation.28 Affected dogs also had tran-
sient echinocytosis that was not consistently associated
with the observed hypokalemia.

A syndrome characterized by recurrent episodes of
limb muscle weakness, neck ventroflexion, increased cre-
atine kinase concentrations, and hypokalemia has been
reported in related Burmese cats 4 to 12 months of
age.22,103,112,127,128 This syndromemay represent an ani-
mal model of hypokalemic periodic paralysis in humans, a
familial disorder characterized by episodes of sudden
translocation of potassium from ECF to ICF.

Gastrointestinal loss of potassium (e.g., vomiting of
stomach contents) is an important cause of hypokalemia
in small animals. In one study, hypokalemia was present in
25% of dogs with gastrointestinal foreign bodies and
occurred in association with hypochloremia, metabolic
alkalosis, and hyponatremia.23 Chloride depletion and
sodium avidity related to volume depletion contribute
to perpetuation of potassium depletion and metabolic
alkalosis in this setting by enhancing urinary losses of
Kþ and Hþ ions. The effects of metabolic alkalosis on
potassium balance are discussed further in Chapter 10.

Urinary loss of potassium is another important cause
of hypokalemia, and hypokalemia is common in cats with
chronic renal failure. Approximately 20% to 30% of cats
with chronic renal failure have hypokalemia at presenta-
tion, and in one study, chronic renal disease was the most
common associated disorder observed in a survey of cats
with hypokalemia.54,60,64,116 Most dogs with chronic
renal failure have normal serum potassium concen-
trations. For example, fewer than 10% of dogs with
chronic renal failure caused by renal amyloidosis had
hypokalemia at presentation.55 Hypokalemia also com-
monly occurs during the postobstructive diuresis that
follows relief of urethral obstruction in cats with idio-
pathic lower urinary tract disease.

Renal tubular acidosis may be associated with hypoka-
lemia (see Chapter 10). In distal (type I) renal tubular aci-
dosis, hypokalemia is usually present before treatment,
and urinary potassium losses may result in part from
increased aldosterone secretion. Hypokalemia has been
reported in distal renal tubular acidosis in cats.62,197,202

In proximal (type II) renal tubular acidosis, correction
of acidosis requires large doses of NaHCO3, and hypoka-
lemia usually appears during therapy. This is a result of the
increased delivery of Naþ and HCO3

# ions to the distal
nephron. These factors enhance urinary potassium excre-
tion by increasing distal tubular flow and lumen electro-
negativity (HCO3

# is a relatively nonresorbable anion in
the cortical collecting duct).

Finally, hypokalemic nephropathy characterized by
chronic tubulointerstitial nephritis may develop in cats
fed diets low in potassium and containing urinary
acidifiers.30,56,57,58,60 Stimulation of aldosterone secre-
tion by chronic metabolic acidosis and decreased gastro-
intestinal absorption of potassium may contribute to
potassium depletion in this syndrome.61,170

Mutations in genes that encode epithelial transport
proteins and channels have been associated with rare
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disorders of renal tubular function that cause hypokale-
mia in humans. One of these familial disorders, Bartter
syndrome, is especially complex. It can be caused by
mutations in theNKCC2 gene that codes for the luminal
Naþ/- Kþ-2Cl# cotransporter found in the thick ascend-
ing limb of Henle’s loop (type I), in the gene for the
ROMK protein component of renal tubular potassium
channels (type II), in the CLCNKB gene that codes for
the ClC-Kb chloride channel in the basolateral
membranes of tubular cells in the thick ascending limb
(type III), or in the BSND gene that codes for barttin,
a subunit protein of chloride channels that is required
for proper insertion of the channels into the basolateral
membrane (type IV).94,176 Other rare diseases can arise
from a loss of function mutation in the NCCT gene for
the thiazide-sensitive Naþ-Cl# cotransporter in the lumi-
nal membranes of the distal convoluted tubule
(Gitelman’s variant of Bartter syndrome) or a gain of
function mutation in the SCNN1 gene for the luminal
sodium channel (ENaC) of the principal cells of the
collecting duct (Liddle syndrome). None of these rare
tubular disorders has yet been recognized in veterinary
medicine.

Mineralocorticoid excess is a relatively uncommon
cause of urinary potassium loss and hypokalemia in dogs
and cats. One report described hyperaldosteronism in a
dog thought to be caused by adrenal hyperplasia of the
adrenal zona glomerulosa.26Older dogs with hyperaldos-
teronism as a result of aldosterone-producing adenomas
or adenocarcinomas are presented for evaluation of weak-
ness and polyuria.67,102,207 Mild to moderate hyperten-
sion may be detected, and hypokalemia, hypernatremia,
mild metabolic alkalosis, dilute urine, and extremely high
serum aldosterone concentrations (>3000 pmol/L; nor-
mal, 14 to 957 pmol/L) are present on laboratory evalu-
ation. Dogs with adenomas respond well to surgical
adrenalectomy, but those with adenocarcinomas experi-
ence recurrence of clinical signs if metastasis occurs.
One affected dog had polyuria and hyperaldosteronism
associated with a very small (2 mm) adrenal adenoma that
initially was undetected by computed tomography, and
the dog responded to treatment with spironolactone.159

Ultimately, the tumor was identified and removed,
and the dog recovered completely. Another dog with
an adrenal adenocarcinoma had clinical and laboratory
features of mineralocorticoid excess, but serum aldos-
terone concentration was undetectable.156 Serum
desoxycorticosterone concentration was measured and
found to be abnormally high (288 ng/mL; normal, 16
to 46 ng/mL). After surgical removal of the tumor,
serum potassium concentration normalized, but serum
desoxycorticosterone concentration remained high, and
the dog was treated with spironolactone.

Clinical and laboratory features of hyperaldosteronism
also may be observed in dogs with hyperadrenocorticism
caused by adrenal tumors that have been documented to

produce a variety of steroid hormones, including aldoste-
rone, deoxycorticosterone, and corticosterone in addi-
tion to cortisol.17,46,115,117,130

Several cats (5 to 20 years of age) with hyperaldos-
teronism have been reported.* Affected cats are
presented for evaluation of muscle weakness (sometimes
with ventroflexion of the neck), ataxia, weight loss, poly-
uria, polydipsia, and ocular abnormalities (e.g., mydriasis,
blindness, and retinal detachments) associated with
hypertension. Laboratory features consist of hypokale-
mia, hypernatremia, mild metabolic alkalosis, increased
serum creatine kinase activity, dilute urine, extremely
high serum aldosterone concentrations (usually >1000
pmol/L; normal, 194 to 388 pmol/L), and plasma renin
activity that is low or at the low end of the normal
reference range (0.2 to 0.5 ng/L/sec; normal, 0.2 to
1.4 ng/L/sec). In two affected cats, urinary FEK was
more than 50% and consistent with inappropriate
kaliuresis.75 In these two cats, chronic renal disease
also was present andmight have contributed to hyperten-
sion and increased FEK. Hyperaldosteronism may be
associated with hyperglycemia caused by insulin resis-
tance, and one affected cat had diabetes mellitus
that persisted despite removal of the adrenal tumor.75

Aldosterone-producing adrenal tumors in cats often are
1 to 3 cm in diameter and can be visualized on abdominal
ultrasonography. Cytologic evaluation of fine needle
aspirates is consistent with neuroendocrine neoplasia,
and histologically these tumors are adenomas or
adenocarcinomas. Invasion of the caudal vena cava by
the tumor can result in thromboembolism.11,75,163

Removal of adrenal tumors causing hyperaldosteronism
can be successful in affected cats, but surgery carries a
high risk of life-threatening intraoperative or postopera-
tive hemorrhage.11 Medical treatment with potassium
supplementation (2 to 6 mEq/day), spironolactone (2
to 4 mg/kg/day) to antagonize the effects of aldoste-
rone, and amlodipine (0.625 to 1.25 mg/day) to control
hypertension and can be used to manage affected cats.
Survival times of 1 to 5 years have been reported for sur-
gical or medical management.11 Concurrent hyperaldos-
teronism and hyperprogesteronism have been reported in
a cat that also had clinical signs of hyperadrenocorticism
and diabetes mellitus.27 See Chapter 10 for further dis-
cussion of states of mineralocorticoid excess.

Administration of loop or thiazide diuretics may cause
hypokalemia as a result of increased flow rate in the distal
tubules and increased secretion of aldosterone secondary
to volume depletion. In one study, dogs with heart failure
receiving furosemide had significantly lower mean serum
potassium concentrations (mean serum potassium con-
centration, 3.9 mEq/L) than did normal dogs (mean
serum potassium concentration, 4.4 mEq/L) or

*References 11, 63, 75, 119, 134, 135, 157, 159, 160, 163.
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untreated dogs with arrhythmias (mean serum potassium
concentration, 4.3 mEq/L).40 Of the dogs treated with
furosemide, 17% had serum potassium concentrations
less than 3.0 mEq/L. In another study, 10 dogs with
congestive heart failure treated with captopril, furose-
mide, and a sodium-restricted diet did not develop signif-
icant changes in serum electrolyte concentrations.165

Penicillin derivatives may cause hypokalemia by acting as
nonresorbable anions in the distal tubule and increasing
secretion of potassium into tubular fluid. Amphotericin
B may cause increased loss of potassium by binding to
sterols in cell membranes and increasing permeability.
Peritoneal dialysis can be complicated by hypokalemia
if potassium-free dialysate is used for an extended time
period.45

TREATMENT
Preparations available for parenteral use include KCl (2
mEq Kþ/mL) and a potassium phosphate solution
containing K2HPO4 and KH2PO4 (4.36 mEq Kþ/mL).
Potassium chloride is the additive of choice for parenteral
therapy because chloride repletion is essential if vomiting
or diuretic administration is the underlying cause of
hypokalemia. Replacement of chloride is also essential
for resolution of the metabolic alkalosis often present in
such settings (see Chapter 10). When administered intra-
venously, KCl generally should not be infused at rates
greater than 0.5 mEq/kg/hr to avoid potential adverse
cardiac effects. A scale such as that shown in Table 5-2
may be used to estimate the amount of KCl to add to par-
enteral fluids based on serum potassium concentration.88

Infusion rates greater than 0.5 mEq/kg/hr may be
required to normalize serum potassium concentration
in hypokalemic patients with diabetic ketoacidosis treated
with insulin. In hypokalemic human patients, potassium
infusion rates up to 0.9 mEq/kg/hr were used safely in
one study.89 Careful mixing of potassium chloride after
addition to flexible bags of fluids is extremely important
to prevent the patient from receiving a high concentra-
tion of potassium that could be life threatening. In one

study, inadequate mixing of potassium chloride added
to flexible bags of fluid was demonstrated to result
in up to a fourfold increase in the concentration
of potassium in the fluids.51 For determination of
serum potassium concentration, when submitting
blood samples that have been drawn from intravenous
catheters in patients receiving potassium-supplemented
fluids, the initial volume of blood withdrawn should be
discarded, and a second sample should be submitted to
the laboratory to avoid results that may be spuriously
high.

Infusion of potassium-containing fluids initially may
be associated with a decrease in serum potassium concen-
tration as a result of dilution, increased distal renal tubular
flow, and cellular uptake of potassium, especially if the
infused fluid also contains glucose.60 This effect may be
minimized by using a fluid that does not contain glucose,
administering fluids at an appropriate rate, and beginning
oral potassium supplementation as soon as possible. The
concentration of potassium in the infused fluid generally
should not exceed 60 mEq/L, because higher
concentrations of potassium may cause pain and sclerosis
of peripheral veins.162 Parenteral fluids containing up to
35 mEq/L have been used safely by the subcutaneous
route.72

Careful potassium supplementation is important when
using insulin to treat diabetic ketoacidosis. Chronic
potassium depletion is usually present in affected patients
as a result of loss of muscle mass, anorexia, vomiting, and
polyuria. However, serum potassium concentrations are
sometimes normal or even increased because of the
effects of insulin deficiency and hyperosmolality on serum
potassium concentration. Because blood glucose concen-
tration decreases with insulin treatment, marked hypoka-
lemia may develop if supplementation is not adequate.

Potassium gluconate (e.g., Kaon and Tumil-K) is
recommended for oral supplementation. In one study,
orally administered KCl and KHCO3 were not palatable
to cats.59 Dogs may require 2 to 44 mEq potassium per
day, depending on body size.92 In cats with hypokalemic

TABLE 5-2 Guidelines for Routine Intravenous Supplementation of Potassium in
Dogs and Cats

Serum Potassium
Concentration (mEq/L)

mEq KCl to Add to
250 mL Fluid

mEqKCl toAdd to
1 L Fluid

Maximal Fluid Infusion
Rate* (mL/kg/hr)

<2.0 20 80 6
2.1-2.5 15 60 8
2.6-3.0 10 40 12
3.1-3.5 7 28 18
3.6-5.0 5 20 25

From Greene RW, Scott RC: Lower urinary tract disease. In Ettinger SJ, editor: Textbook of veterinary internal medicine, Philadelphia, 1975,
WB Saunders, p. 1572.
*So as not to exceed 0.5 mEq/kg/hr.
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nephropathy, the initial oral dosage of potassium gluco-
nate is 5 to 8 mEq/day divided in two or three doses,
whereas the maintenance dosage can usually be reduced
to 2 to 4mEq/day.60 It is difficult to estimate the amount
of potassium required to reestablish normal balance from
the serum potassium concentration in a given patient
because potassium is an intracellular solute. Thus, the
amount of potassium required for treatment must
be determined by judicious supplementation and serial
measurement of serum potassium concentration during
treatment and recovery.

HYPERKALEMIA
Hyperkalemia is uncommon if renal function and urine
output are normal. Soon after ingestion of a potassium
load, cellular uptake of potassium is mediated by insulin,
epinephrine, and the resulting increase in ECF potassium
concentration itself. Renal excretion of the potassium
load then follows. Sustained, chronic hyperkalemia is
almost always associated with some impairment in urinary
excretion of potassium.

CLINICAL AND LABORATORY
FEATURES
Theclinicalmanifestationsofhyperkalemia reflect changes
in cell membrane excitability and reflect the magnitude
and the rapidity of onset of hyperkalemia. Muscle weak-
ness develops with hyperkalemia, usually when serum
potassium concentration exceeds 8.0 mEq/L. The elec-
trocardiographic findings caused by hyperkalemia are
often characteristic, and the electrocardiogram may be
helpful in establishing a suspicion of hyperkalemia while
awaiting results of the serum potassium concentration
(Fig. 5-12).

The effects of hyperkalemia on the electrocardiogram
have been studied in dogs and cats.41,43,186,187 Increased
amplitude and narrowing or “tenting” of the T waves
may occur with mild increases in serum potassium con-
centration, but these changes are inconsistent in dogs
and cats. Shortening of the QT–interval may also be
observed. These changes reflect abnormally rapid repo-
larization. Moderate hyperkalemia may result in
prolongation of the PR–interval and widening of
the QRS complex because of slowing of conduction
through the atrioventricular system. With progression
of hyperkalemia, conduction through the atrial muscle
is impaired, and decreases in the amplitude and widening
of the P wave are observed. In severe hyperkalemia,
atrial conduction ceases, the P waves disappear, and
pronounced bradycardia with a sinoventricular rhythm
may be observed. In extreme hyperkalemia, the QRS
complex may merge with the T wave, creating a sine wave
appearance, followed by ventricular fibrillation or
ventricular asystole. During progressive hyperkalemia,
atrial inexcitability, depressed conduction through the

specialized tissues and ventricular muscle, and the poten-
tial for reentry lead to axis deviations, widening of the
QRS complex, and ventricular asystole or ventricular
fibrillation. Ventricular fibrillation in hyperkalemia is
most likely the result of slow intraventricular conduction
and decreased duration of the refractory period. These
electrocardiographic changes have also been described
in cats with hyperkalemia secondary to urethral obstruc-
tion, and they represent the most life-threatening
functional consequences of hyperkalemia.146 Rarely,
wide-complex tachycardia without identifiable P waves
may occur in cats with hyperkalemia.141 The causes of
hyperkalemia are listed in Box 5-2, and the clinical
approach to hyperkalemia is presented in Figure 5-13.

SPECIFIC CAUSES OF HYPERKALEMIA
IN DOGS AND CATS
Increased intake of potassium is unlikely to cause
sustained hyperkalemia unless impaired renal excretion
of potassium is present. Exceptions include iatrogenic
hyperkalemia resulting from calculation errors during
continuous infusion of potassium-containing fluids or
administration of drugs known to predispose to
hyperkalemia with concurrent potassium supplementa-
tion. Examples of the latter situation include concurrent
use of nonspecific b-blockers (e.g., propranolol) or
angiotensin-converting enzyme inhibitors (e.g., enala-
pril) with potassium supplementation (KCl used as a salt
substitute contains 13.4 mEq potassium/g) during treat-
ment of heart failure (see Chapter 21).

Translocation of potassium from ICF to ECF can
cause hyperkalemia. Acute metabolic acidosis caused by
mineral acids (e.g., NH4Cl and HCl) but not organic
acids (e.g., lactic acid and ketoacids) causes potassium
to shift out of cells in exchange forHþ ions that enter cells
to be buffered. The effect of acute inorganic metabolic
acidosis on serum potassium concentration in dogs is var-
iable and was characterized by a 0.16- to 1.67-mEq/L
increment in serum potassium concentration per 0.1-U
decrement in pH in a review of previously published
studies.4

Induction of hypothyroidism in beagles led to a 41%
decrease in the Naþ, Kþ-ATPase content of skeletal mus-
cle, which was associated with a decrease in the mean rest-
ing plasma sodium concentration (from 148 to
142 mEq/L) and an increase in the mean resting plasma
potassium concentration (from 3.7 to 4.3 mEq/L).171

Plasma potassium concentration also increased slightly
after exercise in the hypothyroid dogs (up to a mean of
approximately 5.0 mEq/L) but not in the euthyroid dogs
presumably because decreased Naþ, Kþ-ATPase in the
hypothyroid dogs resulted in slower reuptake of potas-
sium by muscle cells.

Insulin deficiency and hyperosmolality contribute to
hyperkalemia in diabetic patients. Hyperosmolality may
increase serum potassium concentration as water moves
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from ICF to ECF and potassium follows because of sol-
vent drag and as a result of the increased ICF potassium
concentration resulting from cellular water loss. Most
diabetic patients have total body depletion of potassium
caused by urinary losses, muscle mass loss, anorexia,
and vomiting. A normal or low serum potassium concen-
tration in a patient with untreated diabetic ketoacidosis
indicates serious total body depletion of potassium and
the need for diligent potassium supplementation.
Hypokalemia at presentation is more common than
hyperkalemia in diabetic dogs and cats. In one study,
43% of dogs and 83% of cats with diabetes mellitus were
hypokalemic at presentation as compared with 10% of
affected dogs and 8% of affected cats that were
hyperkalemic.66 Other studies of cats with diabetes

mellitus have confirmed that hyperkalemia is uncommon
and that 44% to 70% of affected cats had hypokalemia at
presentation.29,44,133,173 Hypokalemia may also develop
after treatment with insulin despite potassium supple-
mentation of fluids.118 Consequently, the clinician must
pay close attention to potassium supplementation of
patients with diabetic ketoacidosis.

Massive tissue breakdown may lead to transient
hyperkalemia until the kidneys excrete the released potas-
sium. Severe exercise may cause release of potassium from
cells and transient hyperkalemia in humans, and this effect
is less pronounced in conditioned subjects. In untrained
dogs, exercise to the point of exhaustion resulted in an
increase in mean serum potassium concentration from
4.4 to 6.0 mEq/L.108 Exhaustive exercise was not

A

B

C

D
Figure 5-12 Electrocardiograms of a cat and dog with hyperkalemia. A, Electrocardiogram from an 8-year-
old female domestic short-haired cat with oliguric acute renal failure and serum Kþ concentration of
7.8 mEq/L. B, Electrocardiogram of the same cat after 2 mEq/kg NaHCO3 administered intravenously over
30 minutes. C, Electrocardiogram of a dog with serum Kþ concentration of 9.6 mEq/L before treatment.
Note tall, tented Twaves and absence of P waves. D, Electrocardiogram of the same dog 15 minutes after
infusion of NaHCO3. (Parts C and D from Chew DJ, DiBartola SP. Manual of small animal nephrology and
urology. New York: Churchill Livingstone, 1986: 132.)
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associated with a significant increase in serum potassium
concentration after the same dogs had been trained for 6
weeks. In racing greyhounds, no change in serum potas-
sium concentration was observed immediately after
racing, despite development of marked lactic acidosis.98

Severe rhabdomyolysis and lethal hyperkalemia (serum
potassium concentrations of 10.9 to 12.6 mEq/L)
occurred in three cats with hypertrophic muscular dystro-
phy after restraint and anesthesia.78 The sarcolemma of
muscle cells in dystrophin-deficient animals is thought
to be more sensitive to injury by anesthetic agents and
intense activity resulting in release of intracellular
contents. Life-threatening hyperkalemia developed in
16 of 46 (35%) cats with aortic thromboembolism treated
with streptokinase because of reperfusion of ischemic
muscle tissue and possibly decreased renal excretion
associated with renal artery thrombosis.134 Acute tumor
lysis syndrome complicated by renal failure and
hyperkalemia has been reported in dogs and cats with
lymphoma treated by radiation and chemother-
apy.34,109,110,199 There is one case report of a young pit
bull dog with episodic hind limb and neck weakness.
Exercise or potassium challenge resulted in mild
hyperkalemia.101 This case may represent an example of
hyperkalemic periodic paralysis. In quarter horses,
hyperkalemic periodic paralysis is an autosomal dominant
trait that causes recurrent episodesofmuscle fasciculations

and spasm.131 It is causedby amutation in thea subunit of
the sodium channel of skeletal muscle that results in
impaired channel inactivation.35,90

Decreased urinary excretion is the most important
cause of hyperkalemia in small animal practice. The most
common associated disorders are urethral obstruction,
ruptured bladder, anuric or oliguric renal failure, and
hypoadrenocorticism. The time required for develop-
ment of hyperkalemia in cats after urethral obstruction
is variable, but it may occur within 48 hours.71,73 After
relief of obstruction, hyperkalemia resolves within 24
hours, whereas azotemia and hyperphosphatemia require
48 to 72 hours to resolve.73 After experimental bladder
rupture in dogs, azotemia, hyperphosphatemia, and mild
hyponatremia developed within 24 hours, whereas
hyperkalemia did not develop until after 48 hours.33 In
a retrospective clinical study of uroperitoneum in cats,
hyperkalemia was detected in 13 of 24 (54%) animals
evaluated.13

In chronic renal failure, normal potassium balance is
maintained, and hyperkalemia is uncommon and
develops only if oliguria occurs. This renal adaptation is
accomplished by increased FEK in remnant nephrons
(Fig. 5-14).24,25,179 Fecal excretion of potassium also
increases during chronic progressive renal disease and
represents an extrarenal adaptation tomaintain potassium
balance (see Fig. 5-3). However, patients with chronic

BOX 5-2 Causes of Hyperkalemia

Pseudohyperkalemia
Thrombocytosis
Hemolysis

Increased Intake
Unlikely to cause hyperkalemia in presence of normal renal

function unless iatrogenic (e.g., continuous infusion of
potassium-containing fluids at an excessively rapid rate)

Translocation (ICF ! ECF)
Acute mineral acidosis (e.g., HCl, NH4Cl)
Insulin deficiency (e.g., diabetic ketoacidosis)
Acute tumor lysis syndrome
Reperfusion of extremities after aortic thromboembolism in

cats with cardiomyopathy
Hyperkalemic periodic paralysis (one case report in a pit bull)
Mild hyperkalemia after exercise in dogs with induced

hypothyroidism
Infusion of lysine or arginine in total parenteral nutrition

solutions
Drugs
Nonspecific b-blockers (e.g., propranolol)*
Cardiac glycosides (e.g., digoxin)*

Decreased Urinary Excretion
Urethral obstruction
Ruptured bladder
Anuric or oliguric renal failure
Hypoadrenocorticism
Selected gastrointestinal diseases (e.g., trichuriasis,

salmonellosis, perforated duodenal ulcer)
Late pregnancy in Greyhound dogs (mechanism unknown

but affected dogs had gastrointestinal fluid loss)
Chylothorax with repeated pleural fluid drainage
Hyporeninemic hypoaldosteronism{

Drugs
Angiotensin-converting enzyme inhibitors (e.g., enalapril)*
Angiotensin receptor blockers (e.g., losartan)*
Cyclosporin and tacrolimus*
Potassium-sparing diuretics (e.g., spironolactone,

amiloride, triamterene)*
Nonsteroidal anti-inflammatory drugs*
Heparin*
Trimethoprim*

*Likely to cause hyperkalemia only in conjunction with other contributing factors (e.g., other drugs, decreased renal function, concurrent
administration of potassium supplements).
{Not well documented in veterinary medicine.
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renal disease have reduced ability to tolerate an acute
potassium load and may require 1 to 3 days to reestablish
external potassium balance when intake of potassium is
abruptly increased. Dogs with experimentally induced
renal disease demonstrate decreased ability to excrete a
potassium load. In the first 5 hours after a potassium load,
dogs with experimentally induced renal disease excreted
30% to 37% of administered potassium, whereas control
dogs excreted 56% to 67%.24,25 Kaliuresis was blunted
in the dogs with remnant kidneys despite exaggerated
hyperkalemia and increased secretion of aldosterone,
and approximately 24 hours were required for complete
excretion of the potassium load. Episodes of moderate
(>5.3 mEq/L) or severe (6.5 mEq/L) hyperkalemia

occurred commonly in a population of dogs with natu-
rally occurring chronic renal disease and responded well
in 18 of 26 dogs managed by feeding them a potas-
sium-reduced, home-prepared diet.184

Oliguria or anuria with hyperkalemia is more likely to
occur in acute renal failure (e.g., ethylene glycol ingestion),
but these findings may be observed terminally in chronic
renal failure. Acute renal failure with oliguria or anuria is
associatedwithhyperkalemia for several reasons.First, there
has been insufficient time for renal adaptation to nephron
loss, as occurs with chronic renal failure. Severe reductions
inGFR and urine output result in inadequate distal tubular
flow for effective urinary excretion of potassium. Finally,
increased release of potassium from tissues during this

• Platelet count > 1,000,000/µL?
• Hemolysis of HK RBC (e.g., Akita, Shiba)?

Pseudohyperkalemia

Consider iatrogenic hyperkalemia, especially when
drug administration is combined with decreased
renal function or potassium supplementation

Reperfusion injury

Diabetic ketoacidosis

Hyperglycemia, glucosuria, ketonuria?

Cancer chemotherapy?

Acute tumor
lysis syndrome

Large bladder?  Unable to urinate?

Urethral obstruction

Ruptured bladder

Hypoadrenocorticism Oliguric acute renal failure

Pre and post-ACTH
cortisol concentrations
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• Hypoadrenocorticism-like syndrome with GI losses
  (e.g., trichuriasis, salmonellosis)
• Pleural or peritoneal effusion (third space loss)
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• Acute mineral acidosis (e.g., NH4Cl)
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• Lysine or arginine infusion

Drug administration?
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• Trimethoprim

• Cyclosporin A,
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Figure 5-13 Algorithm for the clinical approach to hyperkalemia. (Drawing by Tim Vojt.)
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catabolic state and acutemetabolic acidosismay contribute
to translocation of potassium from ICF to ECF.

Hyperkalemia, hyponatremia, and Na/K ratios less
than 27:1 are usually, but not always, found in dogs
and cats with hypoadrenocorticism.* In dogs with
hypoadrenocorticism, hyperkalemia has been reported
in 74% to 96%, hyponatremia in 56% to 100%, and
Na/K ratios less than 27:1 in 85% to 100% of cases.
Hyperkalemia was found in 9 of 10 cats with hypoadreno-
corticism, whereas hyponatremia and Na/K ratios less
than 27:1 were found in all 10 affected cats.150 Treatment
is begun immediately after a presumptive diagnosis of
hypoadrenocorticism is made, but conclusive diagnosis
requires results of an ACTH stimulation test.

If sodium intake is sufficient to maintain normal ECF
volume and distal tubular flow rate, an animal with
hypoadrenocorticism may be able to maintain potassium
balance. Treatment of dogs with hypoadrenocorticism
with fluids alone also often decreases serum potassium
concentration into the normal range. However, usually
these animals are presented with anorexia and vomiting
that contribute to decreased ECF volume and urine
output, and without adequate endogenous mineralo-
corticoids, they are unable to excrete sufficient potassium
to prevent frank hyperkalemia.

Electrolyte abnormalities similar to those found in
dogs with hypoadrenocorticism (i.e., hyponatremia and

hyperkalemia) can occur in dogs with gastrointestinal dis-
ease related to trichuriasis, salmonellosis, or perforated
duodenal ulcer.53,123 Hyperkalemia in affected dogs with
trichuriasis is not caused by a deficiency of aldosterone
because plasma aldosterone concentrations have been
found to be normal or high.87 Hyperkalemia and
hyponatremia alsohavebeenobserved indogs andcatswith
chylous pleural and peritoneal effusions, in a dog with
pleural effusion caused by a lung lobe torsion, in a dogwith
a neoplastic pleural effusion, in a dogwith portal hyperten-
sion and peritoneal effusion associated with Bartonella
henselae infection, and in cats with peritoneal effusion
caused by neoplasia or feline infectious peritonitis.{

The hyperkalemia observed in these situations is thought
to arise from decreased renal excretion of potassium as a
consequence of volume depletion (e.g., gastrointestinal
fluid loss and third-space loss of fluid) and decreased distal
renal tubular flow. Hyperkalemia and hyponatremia also
have been reported in three female Greyhounds late in
pregnancy.175 The underlying mechanism was unknown,
but all of the dogs had a history of vomiting or diarrhea.
Hyporeninemic hypoaldosteronism is an important cause
of unexplained asymptomatic hyperkalemia in human
patients, but this disorder has rarely been recognized in
veterinary medicine.47 Many affected human patients
have mild to moderate renal insufficiency caused by
diabetic glomerulosclerosis or interstitial renal disease.
Most of them have low plasma renin and aldosterone
concentrations. Even in patients with normal plasma aldo-
sterone concentrations, the concentration of this hormone
must be considered abnormal in light of the hyperkalemia.
Resting plasma cortisol concentrations and response to
ACTH are normal. Hyperchloremic metabolic acidosis
and hypertension may be observed. It is unclear whether
low aldosterone concentrations are a consequence of
diminished renin secretion and lack of trophic effect of
angiotensin II on the zona glomerulosa of the adrenal cor-
tex or whether there is a primary adrenal defect in aldoste-
rone secretion. To document this syndrome in veterinary
patientswould requiredemonstrationof subnormal plasma
renin and aldosterone concentrations or a subnormal
increase in aldosterone after volume contraction or ACTH
administration. Normally, aldosterone concentrations
increase in response to ACTH in the dog.207 In this study,
one dog with diabetes mellitus was suspected to have
hyporeninemic hypoaldosteronism based on a subnormal
aldosterone response to ACTH.

Several drugs may contribute to hyperkalemia, espe-
cially when used in combination with one another, in
conjunction with potassium supplementation, or in
patients with renal sufficiency.148 Nonspecific b-blockers
(e.g., propranolol) interfere with catecholamine-
mediated uptake of potassium by liver and muscle by
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Figure 5-14 Nomogram relating fractional potassium excretion
(FEK) to glomerular filtration rate (GFR). Values for patients with an
intact hormonal and renal tubular secretory mechanism for
potassium (closed triangles) are used to delineate the hatched area.
The open squares and circles indicate patients with selective
aldosterone deficiency and renal tubular secretory defects,
respectively. (From Batlle DC,Arruda JA, Kurtzman NA.
Hyperkalemic distal renal tubular acidosis associated with
obstructive uropathy. N Engl J Med 1981;304:373–380.)

*References 113, 150, 151, 154, 161, 168, 174, 192, 206. {References 21, 105, 111, 193, 206, 210.
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blocking b2-adrenergic stimulation of cell membrane
Naþ, Kþ-ATPase. Similar to digoxin, cardiac glycoside
toxins found in the plant oleander (e.g., oleandrin, digi-
toxigenin, andNerium) inhibit Naþ, Kþ-ATPase and can
cause hyperkalemia and arrhythmias. The deleterious
effects of oleandrin are blocked by infusion of fructose-
1,6-diphosphate.126 Angiotensin-converting enzyme
inhibitors (e.g., enalapril) and angiotensin II receptor
blockers (e.g., losartan) contribute to hyperkalemia by
decreasing production of aldosterone by the adrenal
glands and blunting glomerular efferent arteriolar con-
striction, which potentially can decrease delivery of
sodium and water to the distal nephron and impair renal
potassium excretion. Prostaglandins stimulate renin
release, and use of nonsteroidal anti-inflammatory drugs
may contribute to development of hyperkalemia. These
drugs also may impair the stimulatory effect of
prostaglandins on potassium channels in the luminal
membranes of renal tubular cells. Heparin impairs aldos-
terone production by decreasing the number and affinity
of angiotensin II receptors in the zona glomerulosa of the
adrenal glands and may contribute to hyperkalemia in the
presence of other predisposing factors.144 Potassium-
sparing diuretics (e.g., spironolactone, amiloride, and
triamterene) reduce urinary excretion of potassium and
can cause hyperkalemia. Spironolactone competitively
inhibits binding of aldosterone to its cytoplasmic receptor
in the principal cells of the collecting duct. Amiloride and
triamterene block sodium channels in the luminal
membranes of the principal cells. Trimethoprim is similar
in structure to amiloride and also inhibits sodium
channels in the luminal membranes of the principal cells.
Trimethoprim is most likely to cause hyperkalemia at high
dosages, when urine pH is low (<6.0), and when used in
patients with renal insufficiency.148 The immunosuppres-
sive drugs cyclosporin A and tacrolimus contribute to
hyperkalemia in renal transplant patients by several
mechanisms, including decreased aldosterone produc-
tion, inhibition of Naþ, Kþ-ATPase, and interference
with luminal potassium channels in renal tubular cells.
Infusions of total parenteral nutrition solutions
containing lysine and arginine may contribute to
hyperkalemia because these amino acids may enter cells
in exchange for potassium. In many hospitalized animals,
however, the cause of mild hyperkalemia cannot be deter-
mined. In these instances, hyperkalemia often resolves
with appropriate fluid therapy and treatment of the
primary disease.

TREATMENT
Appropriate treatment is dependent on the magnitude
and rapidity of onset of the hyperkalemia, as well as the
underlying cause. Abnormalities of serum ionized cal-
cium concentration and acid-base balance may aggravate
the functional consequences of hyperkalemia as reflected
by muscular weakness and electrocardiographic changes.

Thus, if compatible electrocardiographic changes are
observed, hyperkalemia should be treated regardless of
its magnitude. An acute increase in serum potassium con-
centration to more than 6.5 mEq/L should be treated
promptly. Asymptomatic animals with normal urine out-
put and chronic hyperkalemia in the range of 5.5 to
6.5 mEq/L may not require immediate treatment, but
a search for the underlying cause should be initiated.

Underlying diseases should be treated promptly (e.g.,
relief of urethral obstruction, establishment of urine out-
put in patients with oliguria or anuria, and 0.9%NaCl and
mineralocorticoids in patients with hypoadreno-
corticism). Fluid therapy with lactated Ringer’s solution
(potassium concentration, 4 mEq/L) also ameliorates
hyperkalemia by improving renal perfusion and enhanc-
ing urinary excretion of potassium. However, use of a
potassium-free solution (e.g., 0.9% NaCl and 0.45%
NaCl) has a greater dilutional effect on the ECF potas-
sium concentration.

Hyperkalemia may be treated by antagonizing the
effects of potassium on cell membranes using calcium
gluconate, by driving potassium from ECF to ICF with
sodium bicarbonate or glucose (with or without concur-
rent insulin administration), or by removing potassium
from the body with a cation exchange resin or dialysis.
First, any source of intake must be discontinued (e.g.,
potassium-containing fluids and potassium penicillin).
The clinician also should review the history to verify that
the patient is not currently being treated with any drug
known to contribute to hyperkalemia (e.g., nonsteroidal
anti-inflammatory drugs, b-blockers, angiotensin-
converting enzyme inhibitors, and potassium-sparing
diuretics).

Hyperkalemia decreases the resting potential of cells.
By administering calcium gluconate, the ECF concentra-
tion of calcium is increased and the threshold potential is
decreased, thus normalizing the difference between the
resting and threshold potential and restoring normal
membrane excitability (see Fig. 5-2). Administered cal-
cium begins to work within minutes, but its effect lasts
less than 1 hour. The dosage of calcium gluconate is
2 to 10 mL of a 10% solution to be administered slowly
with electrocardiographic monitoring.

Glucose works by increasing endogenous insulin
release and moving potassium into cells. Its effects begin
within 1 hour and last a few hours. Glucose-containing
fluids (5% or 10% dextrose) or 50% dextrose (1 to
2 mL/kg) can be used for this purpose. The combination
of insulin with glucose may result in greater reduction in
serum potassium concentration, but there is a risk of
hypoglycemia.8 Insulin (0.55 to 1.1 U/kg regular insulin
added to parenteral fluids) and dextrose (2 g dextrose per
unit of insulin added) have been recommended to treat
hyperkalemia in cats with urethral obstruction.172

Sodium bicarbonate also works by moving Kþ ions
into cells as Hþ ions leave cells to titrate administered
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HCO3
# in the ECF. Bicarbonate begins to work within 1

hour, and its effects last a few hours. The usual dosage is 1
to 2 mEq/kg intravenously, and it can be repeated if nec-
essary. In normal cats, 4 mEq/kg sodium bicarbonate
given intravenously caused hypokalemia, hypernatremia,
hyperosmolality, and decreased ionized calcium
concentrations.37,38 If a slow sinoventricular rhythm is
present and caused by hyperkalemia, atropine (0.02
to 0.04 mg/kg) may increase the firing rate of the
sinus node. An experimental study in dogs demonstrated
no beneficial effect of alkalinization in treating
hyperkalemia in anesthetized dogs. In this study, the
effects of sodium bicarbonate were similar to those of
hypertonic saline.104 Sodium may have effects on cardiac
muscle that account for reversal of hyperkalemic electro-
physiologic changes.15 In a study of hyperkalemic human
patients with end-stage renal disease, sodium bicarbonate
alone did not decrease plasma potassium concentration,
and it did not potentiate the potassium-lowering effects
of insulin or albuterol.9

The cation exchange resin polystyrene sulfonate
(Kayexalate) can be used to bind potassium and release
sodium in the gastrointestinal tract. Each gram binds
1 mEq of potassium and releases 1 to 3 mEq of sodium.
It can be mixed with sorbitol (to prevent constipation)
and given orally or diluted in tap water and given per rec-
tum as a retention enema using a large Foley catheter.
This approach takes a few hours to work and lasts several
hours. Kayexalate must be used carefully in patients with
impaired ability to excrete a sodium load (e.g., those with
congestive heart failure or oliguric renal failure). Intesti-
nal necrosis also is a reported complication of polystyrene
sulfonate and sorbitol given postoperatively to human
patients.81,114,185

Loop or thiazide diuretics increase the distal tubular
flow rate and potassium secretion andmay have adjunctive
value in the treatment of hyperkalemia. The b2 agonist
albuterol increases cellular uptake of potassium by
stimulating Naþ, Kþ-ATPase activity and has been used
to treat hyperkalemia in human patients with renal
failure.7 If all of these measures fail, the clinician must con-
sider peritoneal dialysis (see Chapter 28).45 Hemodialysis
(see Chapter 29) is more efficient at removing potassium
but is available only at select referral institutions.
The treatment of hyperkalemia is outlined in Box 5-3.

REFERENCES
1. Abbrecht PH. Effects of potassium deficiency on renal

function in the dog. J Clin Invest 1969;48:432.
2. Adam WR, Koretsky AP, Weiner MW. 32P-NMR in vivo

measurement of renal intracellular pH: effects of acidosis
and Kþ depletion in rats. Am J Physiol 1986;251:F904.

3. Adams LG, Polzin DG, Osborne CA, et al. Comparison of
fractional excretion and 24-hour urinary excretion of
sodium and potassium in clinically normal cats and cats
with induced chronic renal failure. Am J Vet Res
1991;52:718.
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