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PART 13
Disorders of the Kidney and Urinary Tract

dissociates a proton and is recycled. Basolateral Cl− exit is mediated by
a K+/Cl− cotransporter.
Reabsorption of glucose is nearly complete by the end of the
proximal tubule. Cellular transport of glucose is mediated by apical
Na+-glucose cotransport coupled with basolateral, facilitated diffusion
by a glucose transporter. This process is also saturable, leading to glycosuria when plasma levels exceed 180-200 mg/dL, as seen in untreated
diabetes mellitus.
The proximal tubule possesses specific transporters capable of
secreting a variety of organic acids (carboxylate anions) and bases
(mostly primary amine cations). Organic anions transported by these
systems include urate, dicarboxylic acid anions (succinate), ketoacid
anions, and several protein-bound drugs not filtered at the glomerulus (penicillins, cephalosporins, and salicylates). Probenecid inhibits
renal organic anion secretion and can be clinically useful for raising
plasma concentrations of certain drugs like penicillin and oseltamivir.
Organic cations secreted by the proximal tubule include various biogenic amine neurotransmitters (dopamine, acetylcholine, epinephrine,
norepinephrine, and histamine) and creatinine. The ATP-dependent
transporter P-glycoprotein is highly expressed in brush border membranes and secretes several medically important drugs, including
cyclosporine, digoxin, tacrolimus, and various cancer chemotherapeutic agents. Certain drugs like cimetidine and trimethoprim compete
with endogenous compounds for transport by the organic cation
pathways. Although these drugs elevate serum creatinine levels, there
is no change in the actual GFR.
The proximal tubule, through distinct classes of Na+-dependent and
Na+-independent transport systems, reabsorbs amino acids efficiently.
These transporters are specific for different groups of amino acids. For
example, cystine, lysine, arginine, and ornithine are transported by a
system comprising two proteins encoded by the SLC3A1 and SLC7A9
genes. Mutations in either SLC3A1 or SLC7A9 impair reabsorption of
these amino acids and cause the disease cystinuria. Peptide hormones,
such as insulin and growth hormone, β2-microglobulin, albumin, and
other small proteins, are taken up by the proximal tubule through
a process of absorptive endocytosis and are degraded in acidified
endocytic lysosomes. Acidification of these vesicles depends on a vacuolar H+-ATPase and Cl− channel. Impaired acidification of endocytic
vesicles because of mutations in a Cl− channel gene (CLCN5) causes
low-molecular-weight proteinuria in Dent disease.

LOOP OF HENLE
The loop of Henle consists of three major segments: descending thin
limb, ascending thin limb, and ascending thick limb. These divisions
are based on cellular morphology and anatomic location, but also
correlate with specialization of function. Approximately 15–25% of
filtered NaCl is reabsorbed in the loop of Henle, mainly by the thick
ascending limb. The loop of Henle has an important role in urinary
concentration by contributing to the generation of a hypertonic medullary interstitium in a process called countercurrent multiplication.
The loop of Henle is the site of action for the most potent class of
diuretic agents (loop diuretics) and also contributes to reabsorption of
calcium and magnesium ions.
The descending thin limb is highly water permeable owing to
dense expression of constitutively active aquaporin-1 water channels.
By contrast, water permeability is negligible in the ascending limb.
In the thick ascending limb, there is a high level of secondary active
salt transport enabled by the Na+/K+/2Cl− cotransporter on the apical
membrane in series with basolateral Cl− channels and Na+/K+-ATPase
(Fig. 332e-3B). The Na+/K+/2Cl− cotransporter is the primary target
for loop diuretics. Tubular fluid K+ is the limiting substrate for this
cotransporter (tubular concentration of K+ is similar to plasma, about 4
meq/L), but transporter activity is maintained by K+ recycling through
an apical potassium channel. The cotransporter also enables reabsorption of NH4+ in lieu of K+, and this leads to accumulation of both NH4+
and NH3 in the medullary interstitium. An inherited disorder of the
thick ascending limb, Bartter syndrome, also results in a salt-wasting
renal disease associated with hypokalemia and metabolic alkalosis;

loss-of-function mutations in one of five distinct genes encoding components of the Na+/K+/2Cl− cotransporter (NKCC2), apical K+ channel
(KCNJ1), basolateral Cl− channel (CLCNKB, BSND), or calcium-sensing receptor (CASR) can cause Bartter syndrome.
Potassium recycling also contributes to a positive electrostatic
charge in the lumen relative to the interstitium that promotes divalent
cation (Mg2+ and Ca2+) reabsorption through a paracellular pathway.
A Ca2+-sensing, G-protein-coupled receptor (CaSR) on basolateral
membranes regulates NaCl reabsorption in the thick ascending limb
through dual signaling mechanisms using either cyclic AMP or eicosanoids. This receptor enables a steep relationship between plasma
Ca2+ levels and renal Ca2+ excretion. Loss-of-function mutations in
CaSR cause familial hypercalcemic hypocalciuria because of a blunted
response of the thick ascending limb to extracellular Ca2+. Mutations
in CLDN16 encoding paracellin-1, a transmembrane protein located
within the tight junction complex, leads to familial hypomagnesemia
with hypercalciuria and nephrocalcinosis, suggesting that the ion
conductance of the paracellular pathway in the thick limb is regulated.
The loop of Henle contributes to urine-concentrating ability by
establishing a hypertonic medullary interstitium that promotes water
reabsorption by the downstream inner medullary collecting duct.
Countercurrent multiplication produces a hypertonic medullary interstitium using two countercurrent systems: the loop of Henle (opposing descending and ascending limbs) and the vasa recta (medullary
peritubular capillaries enveloping the loop). The countercurrent flow
in these two systems helps maintain the hypertonic environment of
the inner medulla, but NaCl reabsorption by the thick ascending limb
is the primary initiating event. Reabsorption of NaCl without water
dilutes the tubular fluid and adds new osmoles to medullary interstitial fluid. Because the descending thin limb is highly water permeable,
osmotic equilibrium occurs between the descending limb tubular
fluid and the interstitial space, leading to progressive solute trapping
in the inner medulla. Maximum medullary interstitial osmolality also
requires partial recycling of urea from the collecting duct.

DISTAL CONVOLUTED TUBULE
The distal convoluted tubule reabsorbs ~5% of the filtered NaCl. This
segment is composed of a tight epithelium with little water permeability. The major NaCl-transporting pathway uses an apical membrane,
electroneutral thiazide-sensitive Na+/Cl− cotransporter in tandem with
basolateral Na+/K+-ATPase and Cl− channels (Fig. 332e-3C). Apical
Ca2+-selective channels (TRPV5) and basolateral Na+/Ca2+ exchange
mediate calcium reabsorption in the distal convoluted tubule. Ca2+
reabsorption is inversely related to Na+ reabsorption and is stimulated by parathyroid hormone. Blocking apical Na+/Cl− cotransport
will reduce intracellular Na+, favoring increased basolateral Na+/
Ca2+ exchange and passive apical Ca2+ entry. Loss-of-function mutations of SLC12A3 encoding the apical Na+/Cl− cotransporter cause
Gitelman syndrome, a salt-wasting disorder associated with hypokalemic alkalosis and hypocalciuria. Mutations in genes encoding WNK
kinases, WNK-1 and WNK-4, cause pseudohypoaldosteronism type
II or Gordon syndrome characterized by familial hypertension with
hyperkalemia. WNK kinases influence the activity of several tubular
ion transporters. Mutations in this disorder lead to overactivity of
the apical Na+/Cl− cotransporter in the distal convoluted tubule as the
primary stimulus for increased salt reabsorption, extracellular volume
expansion, and hypertension. Hyperkalemia may be caused by diminished activity of apical K+ channels in the collecting duct, a primary
route for K+ secretion. Mutations in TRPM6 encoding Mg2+ permeable
ion channels also cause familial hypomagnesemia with hypocalcemia.
A molecular complex of TRPM6 and TRPM7 proteins is critical for
Mg2+ reabsorption in the distal convoluted tubule.

COLLECTING DUCT
The collecting duct modulates the final composition of urine. The
two major divisions, the cortical collecting duct and inner medullary
collecting duct, contribute to reabsorbing ~4-5% of filtered Na+ and
are important for hormonal regulation of salt and water balance. The

