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“Whereas for a long time it was assumed that chloride ions were reabsorbed entirely passively with sodium —
the “mendicant” role of chloride — more recent studies suggest that several distinctive reabsorptive transport
mechanisms operate in parallel.” 86
Chloride constitutes approximately two thirds of the
anions in plasma and the remainder of extracellular fluid
(ECF). It also is the major anion filtered by the glomeruli
and reabsorbed in the renal tubules. Chloride is impor-
tant not only for maintaining osmolality but also actively
participates in acid-base regulation.

Chloride is present in plasma at a mean concentration
of approximately 110 mEq/L in dogs and 120mEq/L in
cats.17 Chloride concentration in venous samples is 3 to 4
mEq/L lower than those in arterial samples when cells are
separated from plasma anaerobically.92 The intracellular
concentration of chloride is much lower than its plasma
concentration and is dependent on the resting membrane
potential of the cell. Muscle cells, for example, have a rest-
ingmembrane potential of approximately�68mVand an
average chloride concentration ([Cl�]) of 2 to 4 mEq/L,
whereas red blood cells have a resting membrane poten-
tial of approximately �15 mVand an average [Cl�] of 60
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mEq/L.55 This higher intracellular concentration of
chloride ions in erythrocytes allows chloride to move in
and out of the red blood cells very effectively, as dictated
by electrical charges on either side of the cell membrane.
This is an important difference from other cells and is
the basis of the so-called “chloride-shift” in the red cell
membrane.55 The chloride ion distribution in various
body fluids is summarized in Box 4-1.

CHLORIDE METABOLISM

GASTROINTESTINALTRACT
Under normal conditions, humans produce 1 to 2 L of
gastric juice daily. The sodium concentration ([Naþ])
and [Cl�] of gastric juice is quite variable, ranging from
20 to 100mEq/L and 120 to 160mEq/L, respectively.76

In the jejunum, sodium is absorbed actively against small
luids
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electrochemical gradients and also through relatively
large mucosal “pores” in the proximal bowel. Chloride
absorption in the jejunum generally follows sodium to
maintain electroneutrality. It is believed that chloride
reabsorption in the jejunum occurs via the paracellular
route in response to the transepithelial potential
generated by active sodium transport.24 The ileum is less
permeable to ions than the jejunum. Absorption of chlo-
ride and secretion of bicarbonate in the ileum are coupled
by processes that may involve active transport of one or
both ions. Highly efficient absorption of sodium and
chloride occurs in the colon, where 90% of the sodium
and chloride entering is reabsorbed. There appears to
be no direct or indirect coupling between sodium and
chloride or bicarbonate reabsorption in the distal colon.
Active chloride reabsorption and bicarbonate secretion
occur in the distal colon. Chloride also can be secreted
in the jejunum, ileum, and colon.24,76 Pancreatic juice
usually is not rich in chloride ions. However, there is a
reciprocal relationship between chloride and bicarbonate
concentration in pancreatic fluid that is dependent on
flow rate, with chloride being the major anion at lower
rates of secretion.24

KIDNEYS
The kidneys play an important role in the regulation of
plasma chloride concentration. After sodium, chloride
is the most prevalent ion in the glomerular ultrafiltrate.
Most of the chloride filtered is reabsorbed in the renal
tubules. The traditional view of epithelial transport in
the kidneys represents the chloride ion as an obedient
passive partner that follows the actively transported
sodium ion. This view does not apply to many epithelia,
including specific nephron segments. Chloride transport
is intimately related to sodium and fluid transport and to
cellular acid-base metabolism.86

Chloride reabsorption in the proximal tubule is
actively and passively linked to active sodium reabsorption.
A formate-chloride exchangemechanismexists in the lumi-
nal membrane of proximal tubular cells and is responsible
for active chloride reabsorption.81 Reabsorbed chloride
returns to the systemic circulation at the basolateral mem-
brane primarily by a potassium chloride (Kþ- Cl�)
cotransporter. Of filtered chloride, approximately 50% to
60% is reabsorbed by the proximal convoluted and straight
tubules. Chloride reabsorption occurs transcellularly in
the thick ascending limb of Henle’s loop, leading to the
generation of a lumen-positive transepithelial voltage.
Sodium is reabsorbed transcellularly or paracellularly, and
the transepithelial voltagedrives the latterprocess.Chloride
ion delivery is the rate-limiting step in this process, and
net sodium chloride (NaCl) transport increases directly
with fluid [Cl�] concentration. Loop diuretics such as
furosemide and bumetanide act in the loop of Henle
by competing for the chloride site on the Naþ-Kþ-
2 Cl�carrier.24,46,81,86
A comprehensive model explaining sodium chloride
transport in the distal tubule is not yet available. This is
because of, in part, the cellular heterogeneity of this neph-
ron segment and differences among species and because a
portion of this nephron segment is not accessible tomicro-
puncture techniques in rats, the most extensively studied
species. Thiazide diuretics act by inhibiting the Naþ-
Cl� carrier in the early distal tubule, apparently at the chlo-
ride site.46 Conversely, loop diuretics do not block NaCl
reabsorption at this site. Chloride ion transport in the
collecting tubule is closely related to bicarbonate trans-
port.81 Little is known about chloride transport in the
medullary collecting tubules. In the cortical collecting
tubules, however, the paracellular pathway, which is highly
conductive for chloride ions, is an important route for
reabsorption of chloride by diffusion down an electro-
chemical gradient. An increase in the lumen-positive
transepithelial potential difference (TPD) decreases net
chloride reabsorption, whereas a decrease in TPD increases
chloride reabsorption. Therefore, hormones that change
TPD in the cortical collecting tubule can affect chloride
reabsorption. Experimentally, administration of deoxycor-
ticosterone acetate (DOCA) twice daily resulted in a mild
increase in [Naþ] and no change in [Cl�].54 The resulting
increase in strong ion difference (SID; the difference
between all strong cations and all strong anions in plasma;
see Chapter 13) was associated with a mild increase in
bicarbonate ion concentration ([HCO3

�]). Administra-
tion ofDOCA in sodium-supplemented dogs caused a sig-
nificant increase in plasma [Naþ] and [HCO3

�] with no
change in plasma [Cl�].64 When NaHCO3, instead of
NaCl, was added to the diet, [Naþ] and [HCO3

�]
increased significantly, whereas [Cl�] decreased. Increased
urinary loss of chloride is believed to be associated with
hyperadrenocorticism. In a study of 117 dogs with
hyperadrenocorticism, only 12 had [Cl�] below 105
mEq/L.61 However, 25 of these dogs had hypernatremia,
and the [Cl�] could have been low relative to the [Naþ].
The mean [Naþ] was 149.9 mEq/L, and the mean [Cl�]
was 108 mEq/L (mean [Cl�] after correcting for changes
in free water was 105 mEq/L). The cortical collecting
duct is the main site of action for mineralocorticoids and
glucocorticoids.19 Administration of DOCA increases
TPD in rats and rabbits, increasing sodium reabsorption
in the cortical collecting tubules. Such an effect could
explain the observed changes in chloride and sodium
concentrations in dogs with hyperadrenocorticism.

CHLORIDE AND ACID-BASE
BALANCE

METABOLIC ACIDOSIS
Metabolic acidoses are traditionally divided into hyper-
chloremic (normal anion gap [AG]) and normochloremic
(high AG) based on the AG and [Cl�]. The AG is the
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difference between measured cations (sodium and potas-
sium) and measured anions (chloride and bicarbonate)
(see Chapters 9 and 10). Physiologically, there is no AG
because electroneutrality must be maintained and the AG
is the difference between the unmeasured anions (UA)
and unmeasured cations (UCþ). The AG is a simplification
that is helpful clinically. Metabolic acidosis usually results
from an increase in the concentration of a strong anion.
Strong anions are anions that are completely dissociated
at the pH of body fluids (e.g., Cl�, lactate, ketoanions).
If the strong anion added is chloride, the sum of the
measured anions ([Cl�]þ [HCO3

�])will remain the same,
and the AG will not change (so-called hyperchloremic or
normalAGacidosis). If the stronganionadded isanunmea-
sured anion (e.g., lactate), [Cl�] will remain normal,
whereas [HCO3

�] will decrease. The sum of the measured
anions will decrease, thus increasing the AG (so-called
normochloremic or high AG acidosis).

The acid-base status of plasma is regulated by changing
Pco2 in the lungs and SID in the kidneys, the latter being
accomplishedmainlybydifferential reabsorptionof sodium
and chloride ions in the renal tubules. Chloride is the most
prevalent strong anion in the ECF. At a constant [Naþ], a
decrease in [Cl�] increases SID causing hypochloremic
alkalosis, whereas an increase in [Cl�] decreases SID caus-
ing hyperchloremic acidosis. The effects of increasing
[Cl�] without changing [Naþ] can be understood when
considering a fluidwith an SID¼ 0 (e.g., 0.9%NaClwhere
[Naþ]¼ [Cl�] and thus SID¼ [Naþ]� [Cl�]¼ 0).14 It is
known that 0.9% NaCl administration leads to metabolic
acidosis. The classic explanation is that infusion of a fluid
without bicarbonate dilutes [HCO3

�] in plasma and leads
to acidosis. However, the degree of acidosis after normal
saline infusion correlates best with the amount of chloride
given and with the increase in serum [Cl�].98 There was a
weaker correlation with the volume administered and
no increase in plasma volume, calling into question the
traditional concept of dilutional acidosis.

CHLORIDE IN METABOLIC
ALKALOSIS
Chloride participates in the genesis, maintenance, and
correction of metabolic alkalosis because decreases in
[Cl�] increase SID, causing metabolic alkalosis. The role
of chloride is supported by the inverse relationship
between chloride and bicarbonate in metabolic alkalosis,6

the fact that chloride depletion is accompanied by
increased plasma [HCO3

�],74 and the fact that chronic
metabolic alkalosis cannot be produced experimentally
if chloride is available in the diet.59 In addition, during
recovery from chronic hypercapnia, the compensatory
increase in [HCO3

�] will not normalize if dietary chloride
is restricted.88

Chloride was first linked to metabolic alkalosis in
dogs when MacCallum and colleagues63 observed
hypochloremia and an increase in “alkali reserve” in dogs
with loss of gastric fluid caused by pyloric obstruction.
The classic hypothesis associates the genesis and mainte-
nance of metabolic alkalosis primarily with volume con-
traction. According to this hypothesis, volume
depletion accompanying alkalosis augments fluid reab-
sorption in the proximal tubules. Alkalosis is maintained
because bicarbonate ions are preferentially reabsorbed in
this segment.40 Volume expansion suppresses fluid and
bicarbonate reabsorption, and more bicarbonate and
chloride ions are delivered to distal nephron segments,
which possess greater capacity to reabsorb chloride than
bicarbonate. Chloride then is retained, bicarbonate is
excreted, and alkalosis is corrected.40 In addition to vol-
ume expansion, provision of chloride was also a feature of
studies used to substantiate this hypothesis. The classic
hypothesis can be viewed from a different perspective in
which changes in chloride are the cause of the alkalosis.39

In rats, chloride ion depletion alone plays a role in the
genesis and maintenance of metabolic alkalosis.35–37,62

In rats with chronic hypochloremic alkalosis, chloride
repletion (and correction of alkalosis) can be achieved
without administration of sodium, without volume
expansion, and without an increase in the glomerular fil-
tration rate (GFR).96 The correction phase is associated
with a decrease in plasma renin activity but with no
change in plasma aldosterone concentration. It also has
been shown that maintenance and correction of
hypochloremic alkalosis primarily are dependent on total
body chloride and its influence on renal function, and not
on the demands of sodium and fluid homeostasis.38 Ulti-
mately, the correction of alkalosis is dependent on the
kidneys.40 The principal mechanisms by which the
kidneys correct metabolic alkalosis probably operate in
the collecting ducts, especially in the cortical segment,
where HCO3

- can either be secreted or reabsorbed.39

Expanding the ECF without providing chloride does
not correct hypochloremic alkalosis. Furosemide-
induced hypochloremic alkalosis in humans eating an
NaCl-free diet supplemented with 60 mEq potassium
per day can be corrected with orally administered KCl
without changes in weight or ECF volume.84 In this
study, five NaCl-depleted control subjects were given
furosemide and a combination of KCl and NaCl intrave-
nously to maintain their sodium deficit while correcting
their chloride deficit. Subjects who were selectively
sodium depleted did not become alkalotic.84 It also has
been shown that a 25% increase in ECF volume (created
by intravenous infusion of 6% bovine albumin in 5% dex-
trose) has no effect on hypochloremic alkalosis in a rat
model of hypochloremic alkalosis.38

These studies demonstrate that ECF volume, GFR,
effective circulating volume, and sodium balance are
not independent variables in the generation and mainte-
nance of metabolic alkalosis.72 However, it still could be
concluded that chloride induces potassium conservation
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that in turn inhibits bicarbonate reabsorption, because
potassium balance was corrected even in studies during
which choline-Cl instead of KCl was used to correct the
alkalosis. When NaCl is supplied without potassium, how-
ever, alkalosis is corrected despite a persistent potassium
deficit,4,71 and administration of potassium without chlo-
ride does not correct alkalosis.56 It has been speculated
that hypokalemia in rats may cause hypochloremia by
impairing recycling of potassium at the luminal membrane
in the thick ascending limb of Henle’s loop. This, in turn,
impairs the effectiveness of the Naþ-Kþ-2 Cl� carrier,
decreasing net chloride reabsorption.40 It still is controver-
sial whether hypokalemia induces metabolic alkalosis
in humans.34 Contrary to what occurs in rats, isolated
potassium deficiency in dogs causes mild metabolic acido-
sis.8,9 Chronic potassium depletion also is associated with
metabolic acidosis in cats.25

Studies in rats with experimentally induced normo-
volemic and hypovolemic hypochloremic alkalosis
showed no difference in the renal handling of chloride
and bicarbonate between alkalotic and normal animals
in the proximal convoluted tubule, loop of Henle, or dis-
tal convoluted tubule.40 Key adjustments in anion excre-
tion during the maintenance and correction of
hypochloremic alkalosis were suspected to occur in the
collecting tubule, especially in the cortical segment.39

Sodium-independent chloride and bicarbonate transport,
and secretion or reabsorption of HCO3

� occur at this
site.39,40 Alterations in the delivery of HCO3

� and Cl�

to the collecting tubules also may be important.39

The chloride depletion hypothesis for the genesis and
maintenance of metabolic alkalosis was proposed as an
extension of the classic hypothesis.39,40 It states that chlo-
ride alone is essential for correction of the hypochloremic
alkalosis and that it does so by a renal mechanism. Volume
depletion is a common but not essential feature of the
maintenance phase of alkalosis, and its persistence does
not preclude correction of alkalosis. If adequate chloride
is provided, restoration of depleted volume, however,
may hasten correction of alkalosis by increasing the
GFR and decreasing proximal tubular reabsorption of
fluid and bicarbonate.39,40 The manner by which exoge-
nous Cl� repletion is detected and the kidneys are sig-
naled to excrete HCO3

�, and the cellular mechanisms
by which these events occur in the various nephron
segments, remain to be determined.39

ROLE OF CHLORIDE IN
ADAPTATION TO ACID-BASE
DISTURBANCES
Chloride excretion is an important mechanism in the
kidneys’ adaptation to metabolic acidosis and chronic
respiratory acid-base disturbances. In metabolic acido-
sis, the kidneys increase net acid excretion (primarily by
enhanced NH4Cl excretion) beginning on day 1 and
reaching a maximum after 5 to 6 days.81 The increase
in chloride ion excretion without an associated increase
in sodium ion excretion increases plasma SID and returns
[HCO3

�] and pH toward normal.
The increase in Pco2 in chronic respiratory acidosis

causes intracellular [Hþ] to increase in the renal tubular
cells, resulting in stimulation of net acid excretion (primar-
ily as NH4Cl).

81 Chloruresis, negative chloride balance,
enhanced fractional and absolute bicarbonate reabsorp-
tion, and enhanced net acid excretion typically are
associated with the renal response to chronic respiratory
acidosis.40 The loss of chloride ions in the urine decreases
urinary SID, becauseCl� is accompanied byNH4

þ (aweak
cation) rather than Naþ. Thus, plasma SID and conse-
quently [HCO3

�] are increased. Hypochloremia is a com-
mon finding in dogs with chronic hypercapnia.65,78,87,94

Conversely, renal Hþ ion excretion is decreased in chronic
respiratory alkalosis. This effect probably is mediated by a
decrease in intracellular [Hþ]. In this setting, there is a
decrease in NH4Cl excretion in urine and an increase in
renal reabsorption of Cl�. The increase in Cl� reabsorp-
tion decreases plasma SID and consequently [HCO3

�] is
responsible for the hyperchloremia observed in dogs with
chronic hypocapnia.42

CLINICAL APPROACH TO
CHLORIDE DISORDERS

CORRECTED CHLORIDE
Changes in chloride concentration can result from
changes in water balance or can be caused by a gain or loss
of chloride. When changes in [Cl�] are caused by water
balance alterations (i.e., increase or decrease in free
water), [Naþ] also changes. Changes in [Cl�] and
[Naþ] are proportional in this setting (e.g., a 10% gain
in free water decreases [Cl�] and [Naþ] by 10%).
To account for changes in water balance, [Cl�] must be
evaluated in conjunction with evaluation of changes in
[Naþ].17 Therefore, patient [Cl�] is “corrected” for
changes in [Naþ] concentration:17

Cl� correctedð Þ ¼ Cl� measuredð Þ � NaþðnormalÞ
NaþðmeasuredÞ

where Cl� (measured) and Naþ (measured) are the
patient’s chloride and sodium concentrations, respec-
tively, and Naþ (normal) is the mean normal sodium
concentration.

Assuming mean values for [Naþ] of 146 mEq/L in
dogs and 156 mEq/L in cats, and for [Cl�] of 110
mEq/L in dogs and 120 mEq/L in cats,20 the Cl�

(corrected) can be estimated17 in dogs as:

Cl� correctedð Þ ¼ Cl� � 146=Naþ
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and in cats as:

Cl� correctedð Þ ¼ Cl� � 156=Naþ

Normal Cl� (corrected) is approximately 107 to 113
mEq/L in dogs and approximately 117 to 123 mEq/L
in cats.17 These values may vary between different
laboratories and different analyzers. Newer analyzers
report higher chloride values unless the chloride calibra-
tion is deliberately changed.102 Using the Cl� (corrected)
permits the division of chloride disorders into artifactual
and corrected chloride changes (Table 4-1). In artifactual
chloride changes, changes in free water are solely respon-
sible for the chloride changes, whereas in corrected
chloride changes, chloride itself is primarily changed.
Algorithms for the evaluation of chloride abnormalities
are presented in Figures 4-1 through 4-3.

CHLORIDE MEASUREMENTS
Reference intervals for [Cl�] and [Naþ] vary depending
on the analytical method and performing laboratory,
and these factors should be considered when interpreting
and comparing clinical results. Breed-related changes for
chloride concentration were not identified in dogs or
cats.80,90 Chloride ions can be measured in plasma,
serum, or blood; serum is preferred because serum chlo-
ride is stable for months. Chloride concentrations most
commonly are measured by potentiometry, which is
based on ion electrical potential. When the ion electrode
is immersed in a solution containing chloride ions, an
electrode potential proportional to the logarithm of the
chloride ion activity is generated. Chloride ions then
are measured by the chloride ion electrode based on this
principle in combination with a reference electrode.
Because of the much greater solubility of AgCl compared
with AgI, the chloride electrode will be irreversibly dam-
aged if immersed in solutions containing iodide ions,
resulting in a falsely increased chloride concentration.
A high interference also is observed when bromide and
cyanide ions are measured, and the chloride electrode will
only give reliable results if these ions are absent or in
minimal amounts when compared with chloride ions.
Care must be taken when using different analyzers to
TABLE 4-1 Classification of Chloride Diso

Disorder Cl� Naþ Cl�

Artifactual hyperchloremia * * N
Artifactual hypochloremia + + N
Corrected hyperchloremia *, N, + *, N, + *
Corrected hypochloremia *, N, + *, N, + +

Source: de Morais HSA: Chloride ion in small animal practice: the forgotten io
Cl�, Chloride concentration; Cl� corrected, corrected chloride concentration; N
concentration; +, decreased concentration.
measure chloride. Direct potentiometry is commonly
used in blood gas analyzers and point-of-care electrolyte
analyzers, whereas indirect potentiometry is commonly
used in the large chemistry analyzers located in the
central laboratory. Direct potentiometry reveals the true
sodium concentration (activity), whereas in indirect
potentiometry, the concentration of the ion is diluted
to an activity near unity.47 Because the concentration will
take into account the original volume and dilution factor,
any excluded volume (lipids, proteins) introduces an
error (usually very small). However, significant
differences between point-of-care analysis and the central
laboratory have been found clinically69 for sodium and
chloride concentrations, and these differences may be
worse in hypoalbuminemic human patients.91 Some
laboratories measure potassium by enzymatic spectro-
photometry. This method is prone to interference by
hemolysis and hyperproteinemia.5

CLINICAL DISTURBANCES

DISORDERS ASSOCIATED WITH
NORMAL CL (CORRECTED)
Artifactual Hypochloremia and Artifactual
Hyperchloremia
A change in the water content of plasma without an
imbalance in the content of electrolytes dilutes or
concentrates anions and cations. Consequently, [Cl�]
and [Naþ] will change in parallel. These changes usually
are recognized by changes in sodium concentration
(hypernatremia or hyponatremia), and this ion (and
changes in osmolality) should receive primary attention
(see Chapter 3).

High chloride concentration with normal Cl�

(corrected) (artifactual hyperchloremia) usually is
associated with pure water loss (e.g., diabetes insipidus,
essential hypernatremia) or hypotonic losses (e.g.,
osmotic diuresis). Patients with hypernatremia caused
by sodium gain (e.g., hypertonic saline or NaHCO3

administration, hyperadrenocorticism) tend to have
abnormal Cl� (corrected). Low chloride concentration
with normal Cl� (corrected) (artifactual hypochloremia)
rders

Corrected Associated Acid-Base Disorder

Concentration alkalosis
Dilution acidosis
Hyperchloremic acidosis
Hypochloremic alkalosis

n, J Vet Emerg Crit Care 2:11-24, 1992.
aþ, sodium concentration; *, increased concentration; N, normal
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has been associated with congestive heart failure,
hypoadrenocorticism, and third-space loss of sodium
and chloride. It also is associated with gastrointestinal
loss, although in this setting one ion often is lost in excess
of the other (e.g., chloride in patients with vomiting of
stomach contents, sodium in patients with diarrhea),
and the Cl� (corrected) may be abnormal. Patients
with hypoadrenocorticism may present with corrected
hyperchloremia as a result of mineralocorticoid
deficiency.

Patients with artifactual hypochloremia tend to have
decreased SID and therefore a tendency toward acidosis
(so-called dilutional acidosis), whereas patients with arti-
factual hyperchloremia tend to have increased SID and a
tendency toward alkalosis (so-called concentration alka-
losis).18 These are the only situations in which [HCO3

�]
changes in the same direction as [Cl�], and the change in
[Cl�] is more pronounced.16
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DISORDERS ASSOCIATED WITH
ABNORMAL CL� (CORRECTED)
Corrected Hypochloremia
Decreased Cl� (corrected) is associated with a tendency
toward alkalosis (hypochloremic alkalosis) caused by the
associated increase in SID.18 Pseudohypochloremia may
occur whenever chloride ion concentration is measured
with a technique that is not ion-selective in lipemic or
hyperproteinemic samples.21,45 Chloride concentration
in lipemic samples (triglyceride concentration >600
mg/dL) is underestimated by titrimetric methods but
overestimated when colorimetric methods are used.45

Clinical signs associated with pure hypochloremia in dogs
and cats have not been reported but probably are related
to the metabolic alkalosis that accompanies hypo-
chloremia.17 However, it has been shown that in
euvolemic chloride depletion, GFR decreases acutely by
as much as 15% to 20%, probably as a result of changes
in tubuloglomerular feedback and internal shifts of
fluid out of the ECF.40,41 The clinical importance of
these experimental observations is unknown, but
hypochloremia itself may potentiate the decrease in GFR
associated with hypovolemia in the most common causes
of corrected hypochloremia (e.g., vomiting of stomach
contents, therapywith loopdiuretics).Chloride iondeple-
tion also stimulates renin secretion in rats despite concur-
rent volume expansion and potassium infusion.1 Renin
release caused by hypochloremia probably is mediated
by themacula densa. Any resultant increase in aldosterone
secretion would increase potassium excretion in the urine
and contribute to hypokalemia.

Corrected hypochloremia may be caused by excessive
loss of chloride relative to sodium or by administration
of substances containing proportionately more sodium
than chloride as compared with the normal ECF compo-
sition. The former can occur with administration of
diuretics that cause chloride ion wasting (e.g., loop
diuretics, thiazides) or when the fluid lost has a high
BOX 4-2 Causes of Corrected Hypochlo

Excessive loss of chloride relative to sodium
Gastrointestinal loss
Vomiting of stomach contents*
Selected gastrointestinal diseases associated with

hyperkalemia and hyponatremia in dogs without
hypoadrenocorticism (eg, trichuriasis, salmonellosis,
perforated duodenal ulcer)

Renal loss
Therapy with thiazides or loop diuretics*
Chronic respiratory acidosis

*Most important causes in small animal practice.
[Cl�], as in the case of vomiting of stomach contents
or gastric conduit urinary diversions.18,30,67 Loss of
plasma during exercise in greyhounds also leads to
corrected hypochloremia as a result of a greater loss of
Cl� than Naþ.93 Interestingly, anticipation of exercise
leads to a corrected hyperchloremia in sled dogs.3 Chlo-
ride concentration normalizes after exercise in those
dogs. The administration of substances containing
proportionately more sodium than chloride (e.g.,
NaHCO3) increases [Naþ] without increasing [Cl�],
therefore causing a decrease in Cl� (corrected).
Corrected hypochloremia in dogs with hyperadreno-
corticism has been discussed previously. Corrected
hypochloremia has been observed in dogs 1 week after
daily administration of prednisone at a dose of 0.55
mg/kg every 12 hours15 and 3 to 6 days after administra-
tion of methylprednisolone acetate (5 mg/kg) to cats.77

Unlike dogs with hypoadrenocorticism that have
corrected hyperchloremia caused by the lack of mineralo-
corticoids, dogs with gastrointestinal diseases that mimic
hypoadrenocorticism (i.e., presence of hyperkalemia
and hyponatremia)22 tend to develop corrected
hypochloremia. In cats, acute tumor lysis syndrome,10

primary hypoadrenocorticism,75 anemia, hemorrhagic
pleural effusion,100 and diabetic ketoacidosis13 have been
associated with corrected hypochloremia. Vomiting may
have been a contributory factor in the corrected
hypochloremia observed in some of these cats.

An increase in renal chloride ion excretion and a
decrease in plasma [Cl�] have been observed in dogs with
experimentally induced chronic respiratory acido-
sis.65,78,87,94 Consequently, patients with chronic hyper-
capniamay be presentedwith corrected hypochloremia.50

Potential causes of corrected hypochloremia are listed in
Box 4-2, and an algorithm for the differential diagnosis of
corrected hypochloremia is presented in Figure 4-2.

Treatment of patients with corrected hypochloremia
should be directed at correcting the SID. Special atten-
tion also should be paid to the sodium concentration.
remia

Hyperadrenocorticism
Glucocorticoid administration

Therapywith solutions containing high sodium
concentration relative to chloride
Sodium bicarbonate

Other causes
Exercise in racing Greyhounds



BOX 4-3 Causes of Corrected Hyperchloremia

Pseudohyperchloremia
Potassium bromide therapy

Excessive loss of sodium relative to chloride
Diarrhea**

Excessive gain of chloride relative
to sodium
Exogenous intake
Therapy with chloride salts (NH4Cl, KCl)
Total parenteral nutrition
Fluid therapy (e.g., 0.9% NaCl, hypertonic saline,

KCl-supplemented fluids)**
Salt poisoning

Renal chloride retention
Renal failure
Renal tubular acidosis
Hypoadrenocorticism*
Diabetes mellitus*
Chronic respiratory alkalosis
Drug-induced: acetazolamide, spironolactone

Other causes
Exercise
Anticipation of exercise in sled dogs
Prolonged endurance exercise in sled dogs
Short, submaximal exercise (eg, agility)

*May be associated with corrected hypochloremia in cats.
**Most important causes in small animal practice.
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Renal Cl� conservation is enhanced in hypochloremic
states, and renal chloride ion reabsorption does not
return to normal until plasma [Cl�] is restored to normal
or near normal.40 Therefore, patients with normal renal
function should be expected to respond to therapy if
the underlying disease process is corrected and chloride
is provided. In cases in which expansion of extracellular
volume is desired, intravenous infusion of 0.9% NaCl is
the treatment of choice.30 If hypokalemia also is present,
KCl should be added to the fluid administered. In the rare
situation in which volume expansion is not necessary,
chloride can be administered using salts without sodium
(e.g., KCl, NH4Cl). Use of NaCl or KCl requires normal
renal function to correct hypochloremia, whereas NH4Cl
requires intact hepatic and renal function.57

Corrected Hyperchloremia
Increased Cl� (corrected) is associated with a tendency
toward acidosis (hyperchloremic acidosis) because of a
decrease in SID. Pseudohyperchloremia may occur in
patients receiving potassium bromide because bromide
and other halides (e.g., iodides) are measured as chlo-
ride.21,29 Bromide interferes with every chloride assay
to some extent, but ion-selective electrodes are the most
vulnerable to bromide interference.27–29 If colorimetric
methods are used to measure chloride concentration,
other pigments such as hemoglobin and bilirubin may
cause pseudohyperchloremia.21 Lipemia also can cause
pseudohyperchloremia when colorimetric methods
are used.45 Emulsified lipids in the photoelectric cell
induce scattering of light, resulting in overestimation of
the true chloride content. This effect overcomes the
decrease in chloride caused by an increase in the plasma
water fraction.45

Specific clinical signs associated with pure hyper-
chloremia in dogs and cats have not been reported but
probably are related to the metabolic acidosis that
accompanies hyperchloremia.17 Potential causes of
corrected hyperchloremia are listed in Box 4-3, and an
algorithm for the differential diagnosis of corrected
hyperchloremia is presented in Figure 4-3.

Corrected hyperchloremia can be caused by chloride
retention in renal failure97,101 or by administration
of NH4Cl in cats12,31,60,89 and dogs.48,49 Type I renal
tubular acidosis also is associated with hyperchloremic
acidosis in dogs23,79 and cats.7,26,99 The exact mechanism
by which hyperchloremic acidosis occurs in distal renal
tubular acidosis is not completely understood. However,
there is a decrease in ammonium excretion,81 and chloride
replaces bicarbonate in the plasma, causing hyper-
chloremia.57 Patients with diarrhea develop corrected
hyperchloremia because of loss of fluid with high sodium
and lower chloride ion concentrations than those of
plasma.

Patients with diabetes mellitus may have ketoacidosis
with normal AG (hyperchloremia). The ketoacids are
excreted in the urine at low serum concentrations; thus,
a patient with normal or near normal extracellular vol-
ume, renal perfusion, and GFR may excrete the ketoacids
as fast as they are generated. The kidneys retain chloride
in place of ketones in this situation, increasing chloride
concentration while the AG remains unchanged.33

Patients with diabetes also can develop corrected
hyperchloremia during the resolving phase of the
ketoacidotic crisis.43,73 The hyperchloremia of the recov-
ery phase has at least three causes. First, the administra-
tion of large volumes of isotonic saline can increase
chloride concentration more than sodium concentration;
second, KCl often is infused in large doses; and third, the
ketones are excreted in urine in exchange for NaCl.2,70

In cats, however, ketoacidosis was associated with
corrected hypochloremia in at least one report.13
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No information was provided about whether the cats in
this report had vomited. In at least one ketoacidotic
dog, corrected hypochloremia also was found.100

Patients with hypoadrenocorticism and hypoaldos-
teronism have chloride retention and hyperchloremic
metabolic acidosis because of the lack of mineralo-
corticoids. These patients typically have decreased serum
sodium and chloride concentrations caused by lack of
aldosterone. The hyponatremia is more pronounced than
the hypochloremia, and Cl� (corrected) is increased.17

Well-hydrated dogs with mineralocorticoid deficiency
that are able to maintain serum sodium concentration
usually have a mildly increased serum chloride
concentration.

Drugs that cause chloride retention also can cause
hyperchloremia. Potassium-sparing diuretics such as
spironolactone act by decreasing the number of open
aldosterone-sensitive sodium channels in the principal
cells of the cortical collecting tubules.81 Inhibition of
sodium reabsorption at this site leads to hyperkalemia
and hyperchloremic acidosis. Acetazolamide inhibits car-
bonic anhydrase in the proximal tubule, resulting in
bicarbonaturia, urinary alkalinization, and in rats, but
not in dogs, reduction in renal ammoniagenesis.32,44

Chloride reabsorption proceeds normally in the ascend-
ing loop of Henle, resulting in chloride retention,58

and use of acetazolamide is associated with
hyperchloremia and metabolic acidosis.51,81,83 Parenteral
nutrition can cause hyperchloremia, because some
solutions have high concentrations of cationic amino
acids (e.g., lysine-HCl, arginine-HCl) that release chlo-
ride and generate hydrogen ions.52

Fluid therapy is another important cause of
hyperchloremia in hospitalized patients. Administration
of isotonic saline, lactated Ringer’s solution, or isotonic
saline with 5% dextrose has been associated with
corrected hyperchloremia in dogs.11,82 Hyperchloremia
can be exacerbated by intravenous infusion of 0.9%
sodium chloride.57 Isotonic sodium chloride solution
supplemented with 20 mEq/L of KCl has a final sodium
concentration of 154 mEq/L and a chloride concentra-
tion of 174 mEq/L. This solution has a much higher
chloride concentration than plasma and is a common
cause of corrected hyperchloremia in hospitalized
patients.17 Corrected hyperchloremia also has been
associated with salt poisoning in dogs20,53 and with
administration of hypertonic saline in dogs and pigs.17,68

Experimentally, chronic respiratory alkalosis causes renal
chloride retention in dogs.42 The observed
hyperchloremia is part of the normal renal adaptation
to chronic respiratory acid-base disorders. Therefore,
patients with chronic hypocapnia can be expected to have
corrected hyperchloremia.

Contrary to what is observed in Greyhounds while
racing, exercise in other breeds is not associated with
corrected hypochloremia. Corrected hyperchloremia was
identified in sled dogs anticipation of exercise,3 and during
prolonged endurance exercise.66However, corrected chlo-
ride concentration did not change in sled dogs during high
intensity sprint exercise of extended (>10 miles) dura-
tion.95 Corrected hyperchloremia also was observed in
dogs during and after agility competition.85

Treatment of corrected hyperchloremia should be
directed at correction of the underlying disease process.
The effects of fluid therapy on chloride concentration
should be anticipated, especially in patients with diabetes
mellitus or abnormal renal function. Special attention
should be given to plasma pH because patients with
corrected hyperchloremia tend to be acidotic. Bicarbon-
ate therapy can be instituted whenever plasma pH is less
than 7.2 or bicarbonate concentration is less than
12 mEq/L in patients with hyperchloremic metabolic
acidosis.

CONCLUSION
Although it is the major anion in ECF, chloride has not
received much attention in the clinical setting. It should
be remembered that the chloride ion also is important
in the metabolic regulation of acid-base balance.
The kidneys regulate acid-base balance by changing
the amount of chloride that is reabsorbed with sodium.
Chloride is important in determining the patient’s SID,
and therefore changes in chloride concentration will
reflect the patient’s acid-base status. Corrected hypo-
chloremia is associated with increased SID and metabolic
alkalosis. Chloride is the only anion in ECF that can con-
tribute to a substantial increase in SID. Administration of
chloride is necessary for correction of hypochloremic
metabolic alkalosis. Corrected hyperchloremia is
associated with decreased SID and metabolic acidosis.
Treatment with sodium bicarbonate should be carried
out in hyperchloremic patients with a pH of less than 7.2.
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2. Adrogué HJ, Eknoyan G, Suki WK. Diabetic ketoacidosis:
role of the kidneys in the acid-base homeostasis re-
evaluated. Kidney Int 1984;25:591–8.

3. Angle CT, Wakshlag JJ, Gillete RL, et al. Hematologic,
serum biochemical, and cortisol changes associated with
anticipation of exercise and short duration high-intensity
exercise in sled dogs. Vet Clin Pathol 2009;38:370–4.

4. Atkins EL, Schwartz WB. Factors governing correction of
the alkalosis associated with potassium deficiency: the crit-
ical role of chloride in the recovery process. J Clin Invest
1962;41:218–29.

5. Bernardini D, Gerardi G, Contiero B, et al. Interference of
haemolysis and hyperproteinemia on sodium, potassium,
and chloride measurements in canine serum samples. Vet
Res Commun 2009;33(Suppl. 1):S173–26.



89Disorders of Chloride: Hyperchloremia and Hypochloremia
6. Bia M, Thier SO. Mixed acid-base disturbances: a clinical
approach. Med Clin North Am 1981;65:347–61.

7. Brown SA, Spyridakis LK, Crowell WA. Distal renal tubu-
lar acidosis and hepatic lipidosis in a cat. J Am Vet Med
Assoc 1986;189:1350–2.

8. Burnell JM, Dawbron JK. Acid base parameters in
potassium depletion in the dog. Am J Physiol
1970;218:1583–9.

9. Burnell JM, Teubner EJ, Simpson DP. Metabolic acidosis
accompanying potassium deprivation. Am J Physiol
1974;227:329–33.

10. Calia CM, Hohenhaus AE, Fox PR, et al. Acute tumor
lysis syndrome in a cat with lymphoma. J Vet Intern
Med 1996;10:409–11.

11. Chew DJ, Leonard M, Muir III WW. Effect of sodium
bicarbonate infusion on serum osmolality, electrolyte con-
centration, and blood gas tensions in cats. Am J Vet Res
1991;52:12–7.

12. Ching SV, Fettman MJ, Hamar DW, et al. The effect of
chronic dietary acidification using ammonium chloride
on acid-base and mineral metabolism in the adult cat.
J Nutr 1989;111:902–15.

13. Christopher MM, Broussard JD, Peterson ME. Heinz
body formation associated with ketoacidosis in cats.
J Vet Intern Med 1995;9:24–31.

14. Constable PD. Hyperchloremic acidosis: the classic
example of strong ion acidosis. Anesth Analg
2003;96:919–22.

15. Corrigan AM, Behrend EN, Martin LG, et al. Effect of
glucocorticoid administration on serum aldosterone
concentration in clinically normal dogs. Am J Vet Res
2010;71:649–54.

16. de Morais HSA. A nontraditional approach to acid-base
disorders. In: DiBartola SP, editor. Fluid therapy in small
animal practice. Philadelphia: WB Saunders; 1992.
p. 297–320.

17. de Morais HSA. Chloride ion in small animal practice: the
forgotten ion. J Vet Emerg Critic Care 1992;2:11–24.

18. de Morais HSA, Muir III WW. Strong ions and acid-base
disorders. In: Bonagura JD, Kirk RW, editors. Current
veterinary therapy XII. 12th ed. Philadelphia: WB
Saunders; 1995. p. 121–7.

19. de Rouffignac C, Elalouf JM. Hormonal regulation of
chloride transport in the proximal and distal nephron.
Annu Rev Physiol 1988;50:123–40.

20. DiBartola SP, de Morais HSA. Case examples. In:
DiBartola SP, editor. Fluid therapy in small animal prac-
tice. Philadelphia: WB Saunders; 1992. p. 599–688.

21. DiBartola SP, Green RA, de Morais HSA. Electrolyte and
acid-base abnormalities. In: Willard MD, Tvedten H,
Turnwald GH, editors. Small animal clinical diagnosis
by laboratory methods. 2nd ed. Philadelphia: WB
Saunders; 1994. p. 97–114.

22. DiBartola SP, Johnson SE, Davenport DJ, et al. Clinico-
pathologic findings resembling hypoadrenocorticism in
dogs with primary gastrointestinal disease. J Am Vet
Med Assoc 1985;187:60.

23. DiBartola SP, Leonard PO. Renal tubular acidosis in a
dog. J Am Vet Med Assoc 1982;180:70–3.

24. Dobbins J. Gastrointestinal disorders. In: Arieff AI,
DeFronzo RA, editors. Fluid, electrolyte, and acid-base
disorders. New York: Churchill Livingstone; 1985.
p. 827–49.

25. Dow SW, Fettman MJ, Smith KR, et al. Effects of dietary
acidification and potassium depletion on acid-base bal-
ance, mineral metabolism and renal function in adult cats.
J Nutr 1990;120:569–78.
26. Drazner FH. Distal renal tubular acidosis associated with
chronic pyelonephritis in a cat. Calif Vet 1980;34:15–21.

27. Driscoll JL, Martin HF. Detection of bromism by an
automated chloride method. Clin Chem 1966;12:314–8.

28. Elin RJ, Robertson EA. Bromide interference with deter-
mination of chloride by each of four methods (letter). Clin
Chem 1981;27:778–9.

29. Emancipator K, Kroll MH. Bromide interference: is less
really better? Clin Chem 1990;8:1470–3.

30. Fencl V, Rossing TH. Acid-base disorders in critical care
medicine. Annu Rev Med 1989;40:17–29.

31. FincoDR, Barsanti JA, Brown SA. Ammonium chloride as
an urinary acidifier in cats: efficacy, safety and rationale for
its use. Mod Vet Pract 1986;67:537–41.

32. Fine A. Effects of carbonic anhydrase inhibition on renal
ammoniagenesis in the dog. Pharmacology 1986;33:
217–20.

33. Gabow PA. Disorders associated with altered anion gap.
Kidney Int 1985;27:472–83.

34. Galla JH. Metabolic alkalosis. J Am Soc Nephrol
2000;11:369–73.

35. Galla JH, Bonduris DN, Luke RG. Correction of chloride
depletion metabolic alkalosis (CDA) without volume
expansion (abstract). Clin Res 1982;30:540A.

36. Galla JH, Bonduris DN, Luke RG. Effect of
hypochloremia in glomerular filtration rate (GFR) on
euvolemic rats (abstract). Clin Res 1982;30:785A.

37. Galla JH, Bonduris DN, LukeRG. The correction of acute
chloride-depletion alkalosis in the rat without volume
expansion. Am J Physiol 1983;244:F217–F221.

38. Galla JH, Bonduris DN, Luke RG, et al. Effects of chlo-
ride and extracellular fluid volume on bicarbonate reab-
sorption along the nephron in metabolic alkalosis in
the rat: reassessment of the classical hypothesis of
the pathogenesis of metabolic alkalosis. J Clin Invest
1987;80:41–50.

39. Galla JH, Gifford JD, Luke RG, et al. Adaptations to chlo-
ride-depletion alkalosis. Am J Physiol 1991;261:
R771–R781.

40. Galla JH, Luke RG. Chloride transport and disorders of
acid-base balance. Annu Rev Physiol 1988;50:141–58.

41. Garella S, Cohen JJ, Northrup TE. Chloride-depletion
metabolic alkalosis induces ECF volume depletion via
internal fluid shifts in nephrectomized dogs. Eur J Clin
Invest 1991;21:273–9.

42. Gennari FJ, GoldsteinMB, Schwartz W. The nature of the
renal adaptation to chronic hypocapnia. J Clin Invest
1972;51:1722–30.

43. Goodkin DA, Krishna GG, Narins RG. The role of
the anion gap in detecting and managing mixed
metabolic acid-base disorders. Clin Endocrinol Metab
1984;13:333–49.

44. Gougoux A, Vinay P, Zizian L, et al. Effect of acetazol-
amide on renal metabolism and ammoniagenesis in the
dog. Kidney Int 1987;31:1279–90.

45. Graber ML, Quigg RJ, Slempsey WE, et al. Spurious
hyperchloremia and decreased anion gap in hyperlipid-
emia. Ann Intern Med 1983;98:607–9.

46. Greger R. Chloride transport in thick ascending loop, dis-
tal convolution, and collecting duct. Annu Rev Physiol
1988;50:111–22.

47. Gunnerson KJ. Clinical review: the meaning of acid-base
abnormalities in the intensive care unit part I — epidemi-
ology. Crit Care 2005;9(5):508–16.

48. HalperinML,Bun-ChenC.Influenceofacutehyponatremia
onrenal ammoniagenesis indogswithchronicmetabolic aci-
dosis. Am J Physiol 1990;258:F328–F332.



90 ELECTROLYTE DISORDERS
49. Halperin ML, Vinay P, Gougoux A, et al. Regulation of
the maximum rate of renal ammoniagenesis in the acidotic
dog. Am J Physiol 1985;248:F607–F615.

50. Hara Y, Nezu Y, Harada Y, et al. Secondary chronic respi-
ratory acidosis in a dog following the cervical cord com-
pression by an intradural glioma. J Vet Med Sci
2002;64:863–6.

51. Haskins SC, Munger RJ, Helphrey MG, et al. Effects of
acetazolamide on blood acid-base and electrolyte values
in dogs. J Am Vet Med Assoc 1981;179:792–6.

52. Heird WC, Dell B, Driscoll JM, et al. Metabolic acidosis
resulting from intravenous alimentation with synthetic
amino acids. N Engl J Med 1972;287:943–5.

53. Hughes DE, Sokolowski J. Sodium chloride poisoning in
the dog. Canine Pract 1978;5:28–31.

54. Hulter HN, Licht JH, Sebastian A. Kþ deprivation
potentiates the renal acid excretory effect of mineralocor-
ticoid: obliteration by amiloride. Am J Physiol 1979;236:
F48–F57.

55. Jones NL. Blood gases and acid base physiology. 2nd ed.
New York: Thieme Medical Publishers; 1987.

56. Kassirer JP, Berkman PM, Lawrenz DR, et al. The critical
role of chloride in the correction of hypokalemic alkalosis
in man. Am J Med 1965;38:172–89.

57. Koch SM, Taylor RW. Chloride ion in intensive care med-
icine. Crit Care Med 1992;20:227–40.

58. Kreisberg RA, Wood BC. Drugs and chemical-induced
metabolic acidosis. Clin Endocrinol Metab 1983;12:
391–411.

59. Lemieux G, Gervais M. Acute chloride depletion alkalosis:
effect of anions on its maintenance and correction. Am J
Physiol 1964;207:1279–86.

60. Lemieux G, Lemieux C, Duplessis S, et al. Metabolic
characteristics of cat kidney: failure to adapt to metabolic
acidosis. Am J Physiol 1990;259:R277–R281.

61. Ling G, Stabenfeldt GH, Comer KM, et al. Canine
hyperadrenocorticism: pretreatment clinical and labora-
tory evaluation of 117 cases. J Am Vet Med Assoc
1979;174:1211–5.

62. Luke RG, Galla JH. Chloride-depletion alkalosis with a
normal extracellular fluid volume. Am J Physiol
1983;254:F419–F424.

63. MacCallumWG, Lintz J, Vermilye HN, et al. The effect of
pyloric obstruction relation to gastric tetany. Bull John
Hopkins Hosp 1920;31:1–7.

64. Madias NE, Bossed WH, Adrogué HJ. Ventilatory
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