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CHAPTER 8 

The Physiology of the Loop of Henle
Giovambattista Capasso, Francesco Trepiccione, and Miriam Zacchia

OBJECTIVES
This chapter will:
1.	 Define the structural-function correlation of the loop of 

Henle.
2.	 Discuss sodium transport and the countercurrent system.
3.	 Analyze, at the molecular level, the mechanisms and factors 

regulating bicarbonate reabsorption.
4.	 Examine the role of the loop of Henle in the renal handling 

of ammonia/ammonium ion.
5.	 Discuss the reabsorption of divalent cations.

The loop of Henle is a very complex segment characterized 
by at least two peculiar properties, its extreme heterogeneity, 
and its particular anatomic configuration. This structure is 
defined anatomically as composing the pars recta of the 
proximal tubule (thick descending limb), the thin descending 
and ascending limbs, the thick ascending limb (TAL), and 
the macula densa. The loop of Henle is surrounded by 
tissue with increasing interstitial osmolality,1 resulting from 
the noticeable addition of sodium, chloride, and urea 
contents,2 which is accomplished through the countercurrent 
system. As shown by several investigators, medullary cells 
use cellular osmolytes to survive in this hypertonic environ-
ment.2 In addition to its role in continuing the reabsorption 
of solutes, this part of the nephron is responsible for the 
kidney’s ability to generate a concentrated or dilute urine.1,3

SODIUM TRANSPORT AND THE 
COUNTERCURRENT SYSTEM

A major function of the loop of Henle is the creation and 
maintenance of the interstitial osmotic gradient that increases 
from the renal cortex (approximately 290 mOsm/kg) to the 
tip of the medulla (approximately 1200 mOsm/kg). The loop 
of Henle reabsorbs approximately 40% of filtered sodium, 
mostly in the TAL, and approximately 25% of filtered water 
in the pars recta and thin descending limb. The thin descend-
ing limb is permeable to water but relatively impermeable 
to sodium, whereas the thin ascending limb and TAL are 
essentially impermeable to water.4 Sodium is reabsorbed 
passively in the thin ascending limb but actively in the TAL. 

Active sodium reabsorption in the TAL is driven by the 
basolateral sodium pump (Na+,K+–adenosine triphosphatase 
[ATPase]), which maintains a low intracellular sodium 
concentration, allowing sodium entry from the lumen, mainly 
via the Na+,K+,2Cl− cotransporter.5 This transporter, which 
is expressed exclusively along the loop of Henle, is the site 
of action of loop diuretics such as furosemide. Sodium exits 
the cell via the sodium pump, whereas chloride exits through 
the basolateral Cl− channel ClCKa and ClCKb. Potassium 
ions may exit either via basolateral ion channels and a 
K+,Cl− cotransporter; in addition, potassium also recycles 
through apical membrane renal outer medullary potassium 
(ROMK) channels.6 Potassium recycling is also partly 
responsible for generating the lumen-positive potential 
difference (transepithelial voltage [Vte]) found in this segment. 
This Vte drives additional sodium reabsorption through the 
paracellular pathway: For each sodium ion reabsorbed 
transcellularly, another one is reabsorbed paracellularly. 
Other cations (potassium, calcium, magnesium) also are 
reabsorbed by this route. These carriers act in synergy, and 
the reduced function of each one (NKCC2, ROMK, CLCKb, 
and its Barttin subunit) results in defective salt absorption, 
leading to a salt-losing tubulopathy named Bartter syndrome 
(BS). The description of several cases of BS patients carrying 
activating mutation of the calcium-sensing receptor (CaSR) 
raised the hypothesis that this protein is involved in the 
regulation of salt handling along the TAL. Further studies 
have demonstrated that the CaSR along the TAL is activated 
by extracellular calcium ions; once activated, CaSR inhibits 
NKCC2 and ROMK, plus Na,K–ATPase at basolateral level. 
This inhibition results in sodium and chloride wasting and 
into the reduction of the positive luminal potential that 
drives paracellular calcium and magnesium. Fig. 8.1 shows 
the schematic salt absorption along the TAL. A recent report 
describes several cases of X-linked polyhydramnios with 
prematurity and transient antenatal BS associated with 
mutation in MAGE-D2 gene. The latter encodes a protein 
that affects expression and function of both NKCC2 and 
Na-Cl cotransporters, along the distal tubule.

The U-shaped countercurrent arrangement of the loop 
of Henle, the differences in permeability of the descending 
and ascending limbs to sodium and water, and the active 
sodium reabsorption in the TAL are the basis of countercur-
rent multiplication and generation of the medullary osmotic 
gradient. Fluid entering the descending limb from the 
proximal tubule is isotonic (approximately 290 mOsm/kg). 
However, the raised medullary osmolarity drives water 
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ACID-BASE TRANSPORT

The maintenance of a correct acid-base balance is essential 
for normal cell function. The kidney plays a central role 
in this process through several mechanisms, including the 
almost complete tubular reabsorption of filtered bicarbonate. 
Various nephron segments participate in this task; there is 
general agreement about the importance of the proximal 
tubule in bicarbonate reabsorption. However, other down-
stream segments participate in this process as well.7 Thus 
the loop of Henle is potentially an important site of acid-base 
regulation because it reabsorbs, under physiologic condi-
tions, a significant fraction (about 15%) of the filtered 
bicarbonate.

Studies on bicarbonate transport along the loop of Henle 
in the rat in vivo indicate that the descending limb of 
Henle’s loop has low bicarbonate permeability.8 Accordingly, 
it is unlikely to play a major role in the overall process of 
bicarbonate reabsorption. In contrast, perfusion studies of 
the S3 segment of the proximal tubule have demonstrated 
its ability to reabsorb bicarbonate. On the basis of these 
observations, two portions of the loop of Henle, the S3 
segment of the proximal tubule and the TAL, participate 
significantly in the overall reabsorption of bicarbonate. 
However, it is possible that under physiologic conditions, the 
contribution of the S3 segment to bicarbonate reabsorption 
is only modest because the concentration of bicarbonate 
of the fluid entering this nephron segment is low (about 
5 mM) as a consequence of avid bicarbonate reabsorp-
tion in the early segments (S1 and S2) of the proximal  
tubule.

reabsorption from the thin descending limb, thereby raising 
the osmolarity and sodium chloride concentration of the 
fluid delivered to the ascending limb. Conversely, the active 
sodium chloride reabsorption in the ascending limb results 
in the generation of hypotonic (approximately 100 mOsm/
kg) fluid delivered to the distal tubule (Fig. 8.2).

As already indicated, the ability to concentrate the 
urine requires an hypertonic medulla; this goal is achieved 
thanks to the active sodium reabsorption along the TAL. In 
addition, a significant role in this process involves kidney 
urea handling, which leads to urea accumulation in the 
medulla contributing to increased medulla tonicity.2 Several 
urea transporters have been cloned. They belong to two 
different families encoded by two genes. UT-As proteins 
are expressed in several nephron segments (mainly thin 
descending limb and in the collecting ducts but not in 
the vasculature). UT-B transporters are expressed along the 
arterial vasa recta through the renal medulla and also are 
expressed in other cells and organs as erythrocytes, brain, 
heart, testis, and bladder. These proteins are crucial in 
the urine concentrating mechanism. In an animal model, 
UT-B deletion leads to the reduced ability to maximally 
concentrate the urine because of a defective ability to 
accumulate urea in the inner medulla, demonstrating the 
importance of urea recycling along the vasa recta. Similarly, 
UT-A2 KO mice and UT-A1/UTA3 deficient mice show 
an impaired ability to concentrate the urine. As the loop 
of Henle, the capillaries that supply the medulla have a 
special anatomic arrangement. Descending vasa recta lose 
water and gain solutes while ascending vasa recta gain 
water and loose solutes. This countercurrent exchange is 
highly efficient to produce concentrated urine. Conditions 
that decrease medullary flow, such as dehydration, improve 
urine concentrating ability by allowing more time for blood 
into vasa recta to achieve osmotic equilibration with the 
hypertonic interstitium. Conversely, an increased medullary 
flow, as in osmotic diuresis, decreases urine concentrating 
ability. The role of the collecting duct in this process is 
explained elsewhere.
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FIGURE 8.1  Schema of the thick ascending limb (TAL) cells with 
the main ion transport proteins localized on the luminal and 
basolateral membranes. Note the lumen’s positive transepithelial 
potential difference. AVP, Arginine vasopressin; Ca++, calcium ion; 
Cl−, chloride ion; H +, hydrogen ion; K+, potassium ion; Mg ++, 
magnesium ion; mV, millivolt(s); Na+, sodium ion; PTH, parathyroid 
hormone. 
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FIGURE 8.2  The U-shaped arrangements of the loop of Henle and 
vasa recta. The interstitial osmolality increases from the cortex 
(290 mOsm/kg H2O) to the medulla (up to 1200 mOsm/kg H2O). 
ADH, Antidiuretic hormone; H2O, water molecule. 
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of the NHE3, highlighting the role of the TAL in the renal 
acid-base homeostasis.18

The role of additional transporters participating in 
bicarbonate transport along the loop of Henle is uncertain. 
Conceivably, H+ transport by H+-ATPase could mediate some 
bicarbonate reabsorption in the S3 segment of the proximal 
tubule and the TAL.11 Microperfusion studies performed on 
LOH with the use of bafilomycin, an inhibitor of electrogenic 
H+-ATPase, have demonstrated the presence of a modest 
but functionally significant active H+-ATPase. Moreover, 
immunohistochemical evidence for the presence of proton 
ATPase along the TAL has been reported.19 Recently we found 
critical the role of the intracellular H+-ATPase for the cells 
of the medullary TAL. Suppression of the subunit Atp6ap2 
of the H+-ATPase determines lysosomal dysfunction and 
impairment of the autophagy flux coupling a phenotype of 
distal renal tubular acidosis to urinary concentrating defect.20

Basolateral Membrane
Epithelial polarity plays the main role in the solute reab-
sorption by generating diffusion gradient cell-to-lumen and 
cell-to-interstitium. Transcellular bicarbonate reabsorption 
depends also on effective mechanisms of base exit across 
the basolateral membranes of bicarbonate-transporting 
tubule cells. The main exit pathway for bicarbonate along 
the TAL seems to be the anion exchanger 2 (AE2). By 
exchanging Cl− with HCO3

−, this protein guarantees net 
bicarbonate absorption in the interstitium of the TAL at 
cortical and medullary level.21 However, experimental 
evidence, obtained in perfused TAL and in fused cells of 
the frog’s diluting segment, have demonstrated the presence 
of sodium bicarbonate cotransporter that shares many proper-
ties with a cotransporter in the basolateral membrane of 
proximal tubule cells.22,23 This sodium coupled bicarbonate 
transporter, identified as NBCn1, works by importing bicar-
bonate in the cells coupled with sodium. NBCn1 function 
is devoted primarily to the ammonia reabsorption along the  
medullary TAL.24

Some properties of the basolateral acid-base transport-
ers deserve mention. First, basolateral sodium-hydrogen 
exchange, maintained by the NHE1 isoform of the Na+-H+ 
transporter family, has been identified in the TAL,25 and its 
activity has been shown to alter apical Na+-H+ exchange and 
thus net bicarbonate reabsorption. Perfusion experiments 
in which net transport of bicarbonate and cell pH were 
monitored showed that basolateral Na+-H+ exchange enhances 
transepithelial bicarbonate reabsorption. These results 
are unexpected because stimulation of basolateral Na+-H+ 
exchange should increase cell pH and thus lower apical Na+-
H+ exchange. The mechanism of such “cross-talk” between 
basolateral and apical membrane Na+-H+ exchanges, and their 
coordination, is incompletely understood. However, the 
identification of basolateral Na+-H+ exchange as a potential 
site of physiologic regulation of luminal acidification and 
of bicarbonate transport across the TAL is of great interest.

In addition to NHE1, NHE4 has been localized on the 
basolateral membrane of TAL. Functional experiments have 
led to the hypothesis that this particular isoform may be 
involved specifically in ammonium transport across the 
basolateral membrane of TAL.26

Cell pH and Bicarbonate Transport
The regulation of transepithelial bicarbonate reabsorption by 
intracellular pH (pHi) and hyperosmolarity is also a subject 

The situation is different in the TAL. Micropuncture 
studies have shown that, by the time fluid has reached the 
tip of Henle’s loop, as general effect of water reabsorption, 
the concentration of bicarbonate rises significantly.9 As a 
consequence, bicarbonate reabsorption in the TAL is 
facilitated. The reabsorption of water in excess of bicarbonate 
in the descending limb of Henle and the transfer of bicarbon-
ate in a concentration-dependent manner in the TAL 
constitute a potent system of bicarbonate retrieval along 
the TAL. It may be concluded that under physiologic condi-
tions, bicarbonate reabsorption along the loop of Henle is 
largely a function of the TAL.10

At the molecular level, in vivo perfusion studies of the 
LOH have identified the Na+,H+ exchanger as the major 
proton-secreting mechanism responsible for bicarbonate 
reabsorption, thus confirming previous experiments per-
formed in vitro on isolated TALs.11,12 This antiporter is a 
ubiquitous membrane protein that pumps protons against 
an electrochemical gradient by using a downhill sodium 
gradient. Starting from the seminal work of Sardet and 
associates,13 at least eight membrane isoforms (NHEs) have 
been cloned. Along the TAL, NHE3 has been localized to 
the luminal membrane and has been identified as the major 
proton-secreting NHE along this segment.14 In addition, 
NHE2 also has been found along the TAL.15 The role of NHE2 
is unknown, but it has been postulated to offset the loss 
of function of NHE3. The transport process of bicarbonate 
is active in nature because its concentration in the fluid 
emerging from the loop is much lower than that measured 
at the tip of Henle’s loop.8 The TAL can lower luminal 
bicarbonate concentration to a limiting value of about 5 mM. 
Moreover, as demonstrated by both loop perfusions in vivo 
and perfusion studies of TAL ex vivo, the transport of bicar-
bonate is concentration dependent and sharply decreases 
after administration of a carbonic anhydrase inhibitor such 
as acetazolamide or methazolamide.11 Maneuvers that inter-
fere with the activity of basolateral Na+,K+–ATPase, such 
as the removal of either sodium from the basolateral and 
lumen, or of potassium from the basolateral, lead to almost 
complete cessation of bicarbonate reabsorption in perfused 
TAL in vitro. Furosemide and bumetanide, inhibitors of 
Na+,K+,2Cl− cotransport in the apical membrane of cells lining 
the TAL, stimulate bicarbonate reabsorption.11 This effect 
is explained best by the fall in cell sodium concentration 
after exposure to inhibitors of Na+,K+,2Cl− transport and the 
rise of the sodium gradient across the apical membrane, 
which would be responsible for increasing the rate of Na+-
H+ exchange.12 Results from perfusion studies of the loop 
of Henle in vivo are consistent with the conclusion that 
NHE3 is the predominant isoform of the sodium-hydrogen 
exchanger involved in bicarbonate reabsorption, because 
such studies show that bicarbonate transport is reduced 
sharply by a specific NHE3 inhibitor but not by HOE 694, 
an agent known to block NHE2 exclusively.16,17

The predominant role in sodium reabsorption and H+ 
secretion through the NHE3 promoted by blocking the 
NKCC2 with furosemide has been proposed recently as the 
urine acidification mechanism induced by furosemide. 
Furosemide plus fludrocortisone administration has been 
validated as an alternative method to ammonium chloride 
administration to maximize acid secretion along the col-
lecting duct and diagnose a distal renal tubular acidosis. 
Conventionally, furosemide induces an increase in sodium 
delivery to the collecting duct that will stimulate the ENaC-
mediated proton secretion in the A-type intercalated cells. 
Investigators have proposed that the furosemide-inducing 
urine acidification could be dependent on a direct increased 
secretion of protons in the TAL through the increased activity 
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whereas metabolic alkalosis has the opposite effect.32 The 
loop of Henle can participate in the tubular adaptation to 
an increase in filtered load of bicarbonate by increasing 
net loop of Henle bicarbonate transport. In this setting, at 
the molecular level, NHE3 RNA and protein abundance 
also were stimulated and, accordingly, NHE3 activity 
increased.33 Finally NHE3 expression and abundance were 
highly stimulated in the early phase of diabetes, which 
is characterized by increased glomerular filtration rate.34

AMMONIA AND AMMONIUM  
ION TRANSPORT

Ammonium ion (NH4
+) is generated by proximal tubular 

cells and is secreted partly within the tubular fluid. NH4
+ 

then reaches the TAL of Henle’s loop, where it is largely 
reabsorbed. Absorption of NH4

+ and ammonia (NH3) by the 
medullary TAL (MTAL) in absence of water transport 
provides the energy for total ammonia accumulation (the 
sum of NH4

+ and NH3) in the medullary interstitium, which 
favors ammonia secretion into the tubular fluid of adjacent 
medullary collecting ducts. Thus a major part of the NH4

+ 
excreted in urine derives from the NH4

+ synthesized by 
proximal tubular cells and absorbed by the MTAL. The 
diffusion of NH3 coupled to H+ transport and trapping as 
NH4

+ in the acidic lumen of the collecting duct make up 
an important mechanism of transepithelial ammonium 
transport (Fig. 8.3).35

As stated earlier, a major fraction of the NH4
+ delivered 

by the proximal tubule must be reabsorbed by the MTAL 
to accumulate in the medullary interstitium and to be 
secreted directly in contiguous collecting ducts. Total 
ammonia is absorbed by the MTAL primarily as NH4

+ by 
means of secondary active transporters. Diffusion of NH4

+ 
from lumen to peritubular space also takes place through 
the paracellular pathway as a consequence of the lumen-
positive transepithelial voltage of the MTAL. NH4

+ absorption 

of study. Compared with the behavior of Na+-H+ exchange in 
most epithelia, the NHE3-mediated Na+-H+ exchange in the 
apical membrane of TAL has a much higher apparent affinity 
for intracellular H+.27 Thus exchange activity is relatively 
insensitive to changes in cell pH over the physiologic 
range, and the turnover rate of the transporter is already 
near maximum at normal cell pH and does not respond 
to pH changes (pHi between 6.5 and 7.2). This situation 
contrasts with the characteristics of Na+-H+ exchanges in 
other epithelia, in which transport activity drops sharply 
when pH is altered in the range of 6.5 to 7.1.28 It has been 
suggested that the insensitivity of apical Na+-H+ exchange 
in the TAL reflects an adaptation to prevent fluctuations of 
transepithelial bicarbonate transport during changes in pHi 
that may be related to ammonium (NH4

+) transport. NH4
+ 

entry into cells of the TAL has been shown to occur by 
carrier-mediated electroneutral NH4

+,2Cl− transport (NH4
+ 

replacing Na+ and K+ on the Na+,K+,2Cl− transporter; see 
later) and may lead to fluctuations of pHi. Insensitivity of 
the apical Na+-H+ exchanger to pHi changes thus would 
uncouple bicarbonate reabsorption from NH4

+ excretion. 
Changes in external osmolality also modulate apical Na+-H+ 
exchange and bicarbonate absorption in TAL.29 External 
hyperosmolarity lowers transepithelial bicarbonate transport, 
whereas hypotonicity stimulates transport.30 It appears that 
the mechanism by which hyperosmolarity reduces apical 
Na+-H+ exchange involves an acid shift in the pHi dependence 
of bicarbonate transport and a decrease in the transporter’s 
sensitivity to the stimulating effect of pHi. The opposite 
effect, stimulation of Na+-H+ exchange and bicarbonate 
reabsorption during decrease in medullary osmolarity, may 
play a role in greater urinary acidification and diminished 
bicarbonate excretion when loop diuretics affect medullary 
washout of solutes.31

Other Regulating Factors
Systemic acid-base disturbances also modulate bicarbon-
ate transport: acidosis increases bicarbonate reabsorption, 

2K+

Na+ 3Na+

K+

K+
Cl–
Cl–

2Cl–

2K+

3Na+

Na+
Glutamine

Na+

Na+
2HCO3

–2NH4
+

(H+)

NH4
+

H+

TAL cell

Proximal cell

Glutamine

NH3 H+

H+

NH3

NH3

NH3

NH3

NH4
+

H+
+

NH4
+NH4

+

NH4
+

NH4
+

α-Ketoglutarate α-Intercalated cell

FIGURE 8.3  Renal handling of ammonia (NH3) and ammonium ion (NH4
+). For details see text. Cl −, chloride ion; H +, hydrogen ion;  

HCO3
−, bicarbonate ion; K+, potassium ion; Na+, sodium ion. 



46    Section 2 / Principles of Renal Physiology

through a basolateral channel lead to cell depolarization 
and elevations in cytosolic calcium.40 Communication 
from macula densa cells to the glomerular vascular ele-
ments involves the release of ATP across the macula densa 
basolateral membrane through an axion channel with high 
conductance. Increased sodium and fluid delivery to the TAL 
and macula densa region signals the cells of the juxtaglo-
merular apparatus to release renin and produce angiotensin 
II locally as well as other vasoconstrictors, which act on the 
afferent arteriole to decrease filtration and thereby sodium 
and fluid delivery to the TAL and beyond.41

TRANSPORT OF DIVALENT CATIONS

Calcium Transport
Plasma calcium is approximately 50% protein bound; only 
the remaining 50% is filterable. The proximal tubule is the 
major site of calcium ion (Ca2+) transport, reabsorbing around 
65% of the filtered load. Along the loop of Henle, the thin 
limbs have a minor role, whereas the TAL transports calcium 
mainly paracellularly, driven by a substantial lumen-positive 
Vte. However, a significant component of calcium reabsorp-
tion along the TAL is transcellular, as indicated by the 
finding that the loss of Vte does not suppress completely 
calcium transport and by the presence of Ca2+-ATPase in 
the basolateral membrane.42 Calcium transport is affected 
by parathyroid hormone, which stimulates calcium transport 
along the TAL and distal tubule through accumulation of 
cyclic adenosine monophosphate. However, when para-
thyroid hormone is present in excess, its anticalciuretic 
effect is offset by the increased filtered load of calcium 
because of enhanced gastrointestinal absorption of calcium 
and its release from bone. The action and importance of 
calcitonin as a regulator of calcium excretion are uncertain, 
but it is probably also anticalciuretic, acting (like parathyroid 
hormone) at the TAL and distal tubule. In contrast to thia-
zides, which induce hypocalciuria, loop diuretics such as 
furosemide increase calcium excretion, presumably because 
of their predominant action on the TAL’s Vte-dependent 
paracellular calcium reabsorption. Clinical correlates of the 
differing effects of thiazide and loop diuretics on calcium 
excretion are Gitelman and Bartter syndromes, characterized 
by hypocalciuria and hypercalciuria, respectively.43

Changes in acid-base balance also affect calcium excre-
tion. Metabolic acidosis is associated with an increase in 
calcium excretion, whereas metabolic alkalosis has the 
opposite effect. Although there is evidence that the calcium 
channels in the distal tubule are pH sensitive, much of the 
effect on calcium excretion occurs through alterations in 
filtered load. The buffering of hydrogen ions by the skeleton 
leaches calcium from bone, and in addition, a fall in plasma 
pH reduces calcium binding by proteins and thereby 
increases free calcium ions; these effects increase the filtered 
load of calcium.

Magnesium Reabsorption
Magnesium is the fourth most abundant cation in the body 
and the second most common cation in the intracellular 
fluid. The kidney provides the most sensitive control for 
magnesium balance. About 80% of the total serum magne-
sium is ultrafilterable through the glomerular membrane. 
The proximal tubule of the adult animal reabsorbs only 
a small fraction (10%–15%) of the filtered magnesium. 

is regulated by the acid-base status. Indeed, the ability of 
the MTAL that has been isolated and perfused in vitro to 
absorb total ammonia is increased during chronic metabolic 
acidosis (CMA).36 The Na+,K+(NH4

+),2Cl− cotransporter is 
the main apical NH4

+ carrier and is responsible for 50% to 
65% of NH4

+ luminal uptake. An electroneutral barium- and 
verapamil-sensitive K+,NH4

+(H+) antiport mechanism is 
responsible for the rest of the MTAL NH4

+ luminal uptake. 
On the basolateral side of TAL cells, the Na+-H+ exchanger 
NHE1 of the MTAL significantly contributes to the cell-to-
peritubular space NH4

+ transport. As previously stated, the 
capacity of the MTAL to absorb NH4

+ increases during 
chronic metabolic acidosis, and this adaptation favors the 
renal elimination of an acid load.37 The mechanism explain-
ing this MTAL adaptation is the increased expression and 
activity of Na+,K+(NH4

+),2Cl− by metabolic acidosis.38

THE FUNCTION OF THE MACULA DENSA

The macula densa is a region of specialized epithelial cells 
of the TAL where there is close anatomic contact between 
the TAL and the vascular pole of its own glomerulus.39 
Macula densa cells differ from the other cells of the TAL; 
they have large nuclei and are closely packed, thus looking 
like a plaque (leading to the term macula densa). They are 
part of the juxtaglomerular apparatus, which consists of 
the extraglomerular matrix (secreted by the mesangial cells 
of the glomerulus) and the granular cells of the afferent 
arterioles, which are the site of production, storage, and 
release of renin (Fig. 8.4). The juxtaglomerular apparatus 
is a part of a complex feedback mechanism that regulates 
renal blood flow, glomerular filtration rate, and sodium 
balance. The complex mechanism matches the amount of 
sodium that escapes the proximal tubule and thus is 
delivered to the TAL, with the capacity of more distal 
nephron segments to reabsorb sodium; it does so by altering 
the glomerular filtration rate and the filtered load of sodium, 
a process known as tubuloglomerular feedback.

Macula densa cells detect changes in luminal sodium 
chloride concentration through a complicated series of ion 
transport–related intracellular events. Sodium chloride entry 
via an Na+,K+,2Cl− cotransporter and exit of chloride ions 
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Key Points

1.	 The loop of Henle is an important site for fluid 
and solute reabsorption. Moreover, it is the segment 
that actively participates in the concentration of 
the urine through the countercurrent system.

2.	 Ions transport is localized mainly along the thick 
ascending limb, where a complex system links 
basolateral Na+,K+-ATPase to the luminal Na+,K+,2Cl− 
transporter, whereas potassium recycles through 
the apical membrane, and chloride exits through 
specific chloride channels.

3.	 Bicarbonate is reabsorbed along the loop mainly 
at the level of the S3 segment and the thick ascend-
ing limb. The major transport system is the Na+/
H+ antiporter (NHE3), with a small contribution 
from H+-ATPase. Bicarbonate transport is regulated 
by several factors, including medullary osmolality, 
systemic pH, and various hormones.

4.	 NH4+ is reabsorbed actively along the thick ascend-
ing limb through the Na+,K+,2Cl− cotransport system, 
a fundamental step for NH3 diffusion in the thin 
descending limb and trapping along the collecting 
duct.

5.	 Divalent cations (Ca2+ and Mg2+) are reabsorbed 
along the thick ascending limb mainly through 
the paracellular pathway, which is driven by the 
electronegative potential difference. The calcium-
magnesium–sensing receptor is intricately involved 
in the regulation of the divalent ions transport.

Key References
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Micropuncture experiments indicate that approximately 
60% of the filtered magnesium is reabsorbed in the loop of 
Henle.44 Magnesium reabsorption in the loop occurs within 
the cortical thick ascending limb (CTAL) by passive means. 
The driving force for paracellular magnesium reabsorption is 
the lumen-positive voltage of the TAL.45 Along this segment, 
a specific tight junction protein called claudin 16 (paracellin 
1) is necessary for paracellular magnesium reabsorption.46 
Support for the importance of such protein comes from 
finding that mutations of the claudin 16 gene are associated 
with severe renal magnesium wasting.47

Many hormones (parathyroid hormone, calcitonin, 
glucagons, arginine vasopressin) and nonhormonal factors 
(magnesium restriction, acid-base balance, potassium deple-
tion) influence renal reabsorption of magnesium to variable 
extents in the CTAL. Dietary magnesium restriction leads 
to renal magnesium conservation with diminished urinary 
magnesium excretion. Adaptation of magnesium transport 
with dietary magnesium restriction occurs in the CTAL 
and distal tubule. Elevation of plasma magnesium and 
calcium concentrations inhibits magnesium and calcium 
reabsorption, leading to hypermagnesuria and hypercalciuria. 
The identification of a calcium-magnesium–sensing receptor 
located on the peritubular sides of TAL and distal tubule 
cells explains this phenomenon (see later). Loop diuretics, 
such as furosemide and bumetanide, diminish salt absorption 
in the CTAL. Finally, metabolic acidosis, potassium deple-
tion, or phosphate restriction can diminish magnesium 
reabsorption within the loop and distal tubule.48

The Calcium-Magnesium–Sensing Receptor
Calcium and magnesium transport in the TAL are influenced 
by the calcium-magnesium–sensing receptor, which has 
been localized to the basolateral membrane. When activated 
by a rise in plasma calcium/magnesium concentration, it 
causes reductions in sodium chloride reabsorption and Vte, 
thereby inhibiting reabsorption of calcium and magnesium.49

The signal transduction pathway includes stimulation 
of arachidonic acid (AA) production through direct or 
indirect activation of phospholipase A2 (PLA2), which is 
metabolized via the cytochrome P450 pathway to an active 
metabolite that inhibits the apical potassium channel and, 
perhaps, the Na+,K+,2Cl− cotransporter (Fig. 8.5). Both actions 
lower overall cotransporter activity, thereby reducing the 
lumen-positive voltage and paracellular transport of divalent 
cations. The calcium-magnesium–sensing receptor probably 
also directly or indirectly (by raising intracellular Ca2+) 
inhibits adenylate cyclase and causes decrease of hormone-
stimulated divalent cation transport.50

CONCLUSION

The loop of Henle is an important segment for fluid and 
ion transport. It participates in the generation of concentrated 
urine and is involved in the reabsorption of sodium, potas-
sium, and chloride. The major and unique transport system 
is the Na+,K+,2Cl− transporter, the site of action of the loop 
diuretics. Along this segment, about 15% of the filtered 
bicarbonate is reabsorbed mainly through Na+-H+ exchange; 
in addition, the TAL actively reabsorbs NH4

+, an important 
step for the diffusion of NH3 in the thin descending limb 
and for its trapping along the collecting ducts. Finally, the 
TAL is responsible for a significant fraction of calcium and 
magnesium reabsorption.

Interstitium

Peptide hormone
receptor

Stimulates
transport

P450

cAMP

0 mV+8 mV

Ca++

Ca++

Mg++

Mg++

Na+

Na+

K+

K+

K+

Cl–AA
Cl–

2Cl–

TAL cell

2

1

Lumen

FIGURE 8.5  Cell signaling of the calcium/magnesium sensing receptor. 
For details see text. 1, Adenylate cyclase; 2, phospholipase A2; 
AA, arachidonic acid; cAMP, cyclic adenosine monophosphate; 
Ca2+, calcium ion; Cl−, chloride ion; H+, hydrogen ion; K+, potassium 
ion; Mg++, magnesium ion; mV, millivolt(s); Na+, sodium ion; P450, 
cytochrome P450; TAL, thick ascending limb. 



in Henle’s loop of remnant rats. Kidney Int. 2002;62: 
2126-2135.

37.	 Good D. Adaptation of bicarbonate and ammonium trans-
port in the rat medullary thick ascending limb: effects of 
chronic metabolic acidosis and sodium intake. Am J Physiol. 
1990;258:F1345-F1353.

A complete reference list can be found online at ExpertConsult.com.

25.	 Blanchard A, Leviel F, Bichara M, et al. Interactions of external 
and internal K+ with K+HCO3− cotransporter of rat medullary 
thick ascending limb. Am J Physiol. 1996;271:C218-C225.

33.	 Capasso G, Unwin R, Ciani F, et al. Bicarbonate transport 
along the loop of Henle. II: Effects of acid-base, dietary and 
neurohumoral determinants. J Clin Invest. 1994;94:830-838.

34.	 Capasso G, Rizzo M, Pica A, et al. Bicarbonate reabsorption 
and NHE-3 expression: abundance and activity are increased 



Chapter 8 / The Physiology of the Loop of Henle    48.e1

26.	 Attmane-Alakeb A, Chambrey R, Tsimaratos M, et al. Isola-
tion and characterization of luminal and basolateral plasma 
membrane vesicles from the medullary thick ascending loop 
of Henle. Kidney Int. 1996;50:1051-1057.

27.	 Chambrey R, St John PL, Eladari D, et al. Localization and 
functional characterization of Na+/H+ exchanger isoform NHE4 
in rat thick ascending limbs. Am J Physiol Renal Physiol. 
2001;281:F707-F717.

28.	 Watts BAI, Good DW. Apical membrane Na+/H+ exchange in 
rat medullary thick ascending limb. J Biol Chem. 1994;269: 
20250-20255.

29.	 Aronson PS. Mechanisms of active H+ secretion in the proximal 
tubule. Am J Physiol. 1983;245:F647-F659.

30.	 Nath SK, Hang CY, Levine SA, et al. Hyperosmolality inhibits 
the Na+-H+ exchanger isoforms NHE2 and NHE3: an effect 
opposite to that on NHE1. Am J Physiol. 1996;270:G431- 
G441.

31.	 Good DW, Di Mari JF, Watts BA III. Hyposmolality stimu-
lates Na+H+ exchange and HCO3(–) absorption in thick 
ascending limb via PI 3-kinase. Am J Physiol Cell Physiol. 
2000;279:C1443-C1454.

32.	 Capasso G, Saviano C, Ciani F, et al. A decrease in renal medul-
lary tonicity stimulates anion transport in Henle’s loop of rat 
kidneys. Am J Physiol. 1998;274:F693-F699.

33.	 Capasso G, Unwin R, Ciani F, et al. Bicarbonate transport 
along the loop of Henle. II: Effects of acid-base, dietary 
and neurohumoral determinants. J Clin Invest. 1994;94: 
830-838.

34.	 Capasso G, Rizzo M, Pica A, et al. Bicarbonate reabsorption 
and NHE-3 expression: abundance and activity are increased 
in Henle’s loop of remnant rats. Kidney Int. 2002;62:2126-2135.

35.	 Capasso G, Evangelista C, Zacchia M, et al. Acid-base transport 
in Henle’s loop: the effects of reduced renal mass and diabetes. 
J Nephrol. 2006;19(suppl 9):S11-S17.

36.	 Karim Z, Szutkowska M, Vernimmen C, et al. Recent concepts 
concerning the renal handling of NH3/NH4+. J Nephrol. 
2006;19(suppl 9):S27-S32.

37.	 Good D. Adaptation of bicarbonate and ammonium trans-
port in the rat medullary thick ascending limb: effects of 
chronic metabolic acidosis and sodium intake. Am J Physiol. 
1990;258:F1345-F1353.

38.	 Karim Z, Attmane-Elakeb A, Bichara M. Renal handling of 
NH4+ in relation to the control of acid-base balance by the 
kidney. J Nephrol. 2002;15(suppl 5):S128-S134.

39.	 Attmane-Elakeb A, Mount DB, Sibella V, et al. Stimulation by 
in vivo and in vitro metabolic acidosis of expression of rBSC-1, 
the Na+-K+(NH4+)-2Cl− cotransporter of the rat medullary thick 
ascending limb. J Biol Chem. 1998;273:33681-33691.

40.	 Persson AE, Salomonsson M, Westerlund P, et al. Macula densa 
cell function. Kidney Int Suppl. 1991;32:S39-S44.

41.	 Bell PD, Lapointe JY. Characteristics of membrane transport 
processes of macula densa cells. Clin Exp Pharmacol Physiol. 
1997;24:541-547.

42.	 Bell PD, Lapointe JY, Peti-Peterdi J. Macula densa cell signaling. 
Annu Rev Physiol. 2003;65:481-500.

43.	 Friedman PA. Mechanisms of renal calcium transport. Exp 
Nephrol. 2000;8:343-350.

44.	 Ellison DH. Divalent cation transport by the distal nephron: 
insights from Bartter’s and Gitelman’s syndromes. Am J Physiol 
Renal Physiol. 2000;279:F616-F625.

45.	 Quamme GA. Renal magnesium handling: new insights in 
understanding old problems. Kidney Int. 1997;52:1180-1195.

46.	 Konrad M, Schlingmann KP, Gudermann T. Insights into the 
molecular nature of magnesium homeostasis. Am J Physiol 
Renal Physiol. 2004;286:F599-F605.

47.	 Simon DB, Lu Y, Choate KA, et al. Paracellin-1, a renal tight 
junction protein required for paracellular Mg2+ resorption. 
Science. 1999;285:103-106.

48.	 Warnock DG. Renal genetic disorders related to K+ and Mg2+. 
Annu Rev Physiol. 2002;64:845-876.

49.	 Sutton RAL, Domrongkitchaiporn S. Abnormal renal magnesium 
handling. Miner Electrolyte Metab. 1993;19:232-240.

50.	 Riccardi D, Gamba G. The many roles of the calcium-sensing 
receptor in health and disease. Arch Med Res. 1999;30: 
436-448.

References
1.	 Wirz H, Hargitay B, Kuhn W. Lokalisation des Konzentrier-

ungsprozesses in der Niere durch direkte Kryoscopie. Helv 
Physiol Pharmacol Acta. 1951;9:196-207.

2.	 Bray GA, Preston AS. Effect of urea on urine concentration in 
the rat. J Clin Invest. 1961;40:1952-1960.

3.	 Kinne RK, Boese SH, Kinne-Saffran E, et al. Osmoregulation 
in the renal papilla: menbranes, messengers and molecules. 
Kidney Int. 1996;49:1686-1689.

4.	 Gottschalk CW, Mylle M. Micropuncture study of the mam-
malian urinary concentrating mechanism: evidence for the 
countercurrent hypothesis. Am J Physiol. 1959;196:927-936.

5.	 Knepper MA. Molecular physiology of urinary concentrat-
ing mechanism: regulation of aquaporin water channels by 
vasopressin. Am J Physiol. 1997;272:F3-F12.

6.	 Hebert SC, Andreoli TE. Control of NaCl transport in the thick 
ascending limb. Am J Physiol. 1984;246:F745-F756.

7.	 Greger R. Ion transport mechanisms in thick ascending limb 
of Henle’s loop of mammalian nephron. Physiol Rev. 1985;65: 
760-795.

8.	 Capasso G, Malnic G, Wang T, et al. Acidification in mammalian 
cortical distal tubule. Kidney Int. 1994;45:1543-1554.

9.	 Buerkert J, Martin D, Trigg D. Segmental analysis of the renal 
tubule in buffer production and net acid formation. Am J 
Physiol. 1983;244:F442-F454.

10.	 DuBose TD, Lucci MS, Hogg RJ, et al. Comparison of acidifica-
tion parameters in superficial and deep nephrons of the rat. 
Am J Physiol. 1983;244:F497-F503.

11.	 Capasso G, Unwin R, Giebisch G. Role of the loop of Henle 
in urinary acidification. Kidney Int. 1991;40:S33-S35.

12.	 Capasso G, Unwin R, Agulian S, et al. Bicarbonate transport 
along the loop of Henle. I: Microperfusion studies of load and 
inhibitor sensitivity. J Clin Invest. 1991;88:430-437.

13.	 Good DW. Sodium-dependent bicarbonate absorption by cortical 
thick ascending limb of rat kidney. Am J Physiol. 1985;248: 
F821-F829.

14.	 Sardet C, Franchi A, Pouyssegur J. Molecular cloning, primary 
structure and expression of the human growth factor activatable 
Na+-H+ antiporter. Cell. 1989;56:271-280.

15.	 Paillard M. H+ and HCO3− transporters in the medullary thick 
ascending limb of the kidney: molecular mechanisms, function 
and regulation. Kidney Int Suppl. 1998;65:S36-S41.

16.	 Chambrey R, Warnock DG, Podevin RA, et al. Immunolocaliza-
tion of the Na+/H+ exchanger isoform NHE2 in rat kidney. Am 
J Physiol. 1998;275:F379-F386.

17.	 Capasso G, Unwin R, Rizzo M, et al. Bicarbonate transport 
along the loop of Henle: molecular mechanisms and regulation. 
J Nephrol. 2002;15(suppl 5):S88-S96.

18.	 de Bruijn PI, Larsen CK, Frische S, et al. Furosemide-induced 
urinary acidification is caused by pronounced H+ secretion 
in the thick ascending limb. Am J Physiol Renal Physiol. 
2015;309(2):F146-F153.

19.	 Wang T, Hropot M, Aronson PS, et al. Role of NHE isoforms 
in mediating bicarbonate reabsorption along the nephron. Am 
J Physiol Renal Physiol. 2001;281:F1117-F1122.

20.	 Trepiccione F, Gerber SD, Grahammer F, et al. Renal Atp6ap2/
(Pro)renin Receptor Is Required for Normal Vacuolar H+-ATPase 
Function but Not for the Renin-Angiotensin System. J Am Soc 
Nephrol. 2016;27(11):3320-3330.

21.	 Quentin F, Eladari D, Frische S, et al. Regulation of the Cl-/
HCO3- exchanger AE2 in rat thick ascending limb of Henle’s 
loop in response to changes in acid-base and sodium balance. 
J Am Soc Nephrol. 2004;15(12):2988-2997.

22.	 Brown D, Hirsch S, Gluck S. Localization of a proton-pumping 
ATPase in the rat kidney. J Clin Invest. 1988;82:2114-2126.

23.	 Krapf R. Basolateral membrane H/OH/HCO3 transport in the rat 
cortical thick ascending limb. J Clin Invest. 1988;82:234-241.

24.	 Odgaard E, Jakobsen JK, Frische S, et al. Basolateral Na+-
dependent HCO3- transporter NBCn1-mediated HCO3- influx 
in rat medullary thick ascending limb. J Physiol. 2004;555(Pt 
1):205-218.

25.	 Blanchard A, Leviel F, Bichara M, et al. Interactions of external 
and internal K+ with K+HCO3− cotransporter of rat medullary 
thick ascending limb. Am J Physiol. 1996;271:C218-C225.


	Chapter 000 - Cover.pdf
	a.pdf
	b.pdf
	c.pdf
	d.pdf
	e.pdf

	Chapter 001 - The Critically Ill Patient.pdf
	Chapter 002 - The Pathophysiologic Foundations of Critical Care.pdf
	Chapter 003 - Mechanical Ventilation.pdf
	Chapter 004 - Hemodynamic Support in the Critically Ill Patient.pdf
	Chapter 005 - Monitoring Organ Dysfunction in Critical Care.pdf
	Chapter 006 - Kidney-Specific Severity Scores.pdf
	Chapter 007 - The Physiology of the Glomerulus.pdf
	Chapter 008 - The Physiology of the Loop of Henle.pdf
	Chapter 009 - Glomerular Filtration Rate, Renal Functional Reserve, and Kidney Stress Testing.pdf
	Chapter 010 - Renal Energy Consumption and Metabolism.pdf
	Chapter 011 - Acute Kidney Injury_ From Clinical to Molecular Diagnosis.pdf
	Chapter 012 - Community- and Hospital-Acquired Acute Kidney Injury.pdf
	Chapter 013 - Epidemiology of Acute Kidney Injury in Critically Ill Patients.pdf
	Chapter 014 - Acute Kidney Injury in Patients With Chronic Kidney Disease.pdf
	Chapter 015 - Genetic Predisposition for Acute Kidney Injury (AKI).pdf
	Chapter 016 - Risk Factors and Risk Assessment in Acute Kidney Injury.pdf
	Chapter 017 - Experimental Models of Acute Kidney Injury.pdf
	Chapter 018 - Renal Blood Flow and Perfusion Pressure.pdf
	Chapter 019 - Humoral Mediators in Sepsis.pdf
	Chapter 020 - Cell Death Pathways_ Apoptosis and Regulated Necrosis.pdf
	Chapter 021 - Pathogen-Associated Molecular Patterns, Damage-Associated Molecular Patterns, and Their Receptors in Acute Kidney Injury.pdf
	Chapter 022 - Acute Kidney Disease.pdf
	Chapter 023 - Acute Kidney Disease, Renal Recovery, and Post–Acute Kidney Injury Care.pdf
	Chapter 024 - The Role of Biomarkers in the Diagnosis and Management of Acute Kidney Injury.pdf
	Chapter 025 - Functional Biomarkers.pdf
	Chapter 026 - Damage Biomarkers.pdf
	Chapter 027 - Kidney Stress Biomarkers.pdf
	Chapter 028 - Renal Repair and Recovery.pdf
	Chapter 029 - Maladaptive Repair and Progression to CKD.pdf
	Chapter 030 - Biomarkers of Recovery and_or Repair Following Acute Kidney Injury.pdf
	Chapter 031 - Practical Considerations of Renal Biopsies in Critical Care Patients.pdf
	Chapter 032 - Localization of Injury and Repair Pathways.pdf
	Chapter 033 - Ultrasonography and Doppler Techniques.pdf
	Chapter 034 - Contrast-Enhanced Renal Ultrasound.pdf
	Chapter 035 - Traditional Radiology, Computed Tomography, and Magnetic Resonance Imaging in Critical Care Nephrology.pdf
	Chapter 036 - Radionuclides Diagnostic Techniques.pdf
	Chapter 037 - Multiple Organ Dysfunction.pdf
	Chapter 038 - Acute Kidney Injury in Burns and Trauma.pdf
	Chapter 039 - Drug-Induced Acute Kidney Injury.pdf
	Chapter 040 - Acute Kidney Injury in Pregnancy.pdf
	Chapter 041 - Acute Kidney Injury in Oncology and Tumor Lysis Syndrome.pdf
	Chapter 042 - Acute Kidney Injury in Cardiac Surgery.pdf
	Chapter 043 - Acute Kidney Injury in Major Surgery.pdf
	Chapter 044 - Acute Kidney Injury in Heart Failure.pdf
	Chapter 045 - Acute Kidney Injury in Cirrhosis.pdf
	Chapter 046 - Acute Renal Failure in Kidney Transplant Recipients.pdf
	Chapter 047 - Acute Glomerulonephritis.pdf
	Chapter 048 - Contrast-Induced Acute Kidney Injury.pdf
	Chapter 049 - Abdominal Compartment Syndrome.pdf
	Chapter 050 - Hemolytic Uremic Syndrome.pdf
	Chapter 051 - Nonpharmacologic Management of Acute Renal Injury.pdf
	Chapter 052 - Novel Drugs for Acute Kidney Injury.pdf
	Chapter 053 - Remote Ischemic Preconditioning.pdf
	Chapter 054 - Blood Biochemistry_ Measuring Major Plasma Electrolytes.pdf
	Chapter 055 - Assessment of Urine Biochemistry.pdf
	Chapter 056 - Disorders of Sodium and Water Balance.pdf
	Chapter 057 - Disorders of Potassium and Magnesium.pdf
	Chapter 058 - Calcium and Phosphate Physiology.pdf
	Chapter 059 - Principles of Fluid Therapy.pdf
	Chapter 060 - Blood Transfusion Therapy.pdf
	Chapter 061 - Loop and Thiazide Diuretics.pdf
	Chapter 062 - Vaptans and the Treatment of Hyponatremia.pdf
	Chapter 063 - Aldosterone Antagonists, Amiloride, and Triamterene.pdf
	Chapter 064 - Laboratory Tests_ Blood Gases, Anion Gap, and Strong Ion Gap.pdf
	Chapter 065 - Acid-Base Physiology and Diagnosis of Disorders.pdf
	Chapter 066 - Metabolic Acidosis.pdf
	Chapter 067 - Hyperlactatemia and Lactic Acidosis.pdf
	Chapter 068 - Renal Tubular Acidosis.pdf
	Chapter 069 - Metabolic Alkalosis.pdf
	Chapter 070 - Respiratory Acid-Base Disorders.pdf
	Chapter 071 - Iatrogenic and Poison-Derived Acid Base Disorders.pdf
	Chapter 072 - Energy Requirement and Consumption in the Critically Ill Patient.pdf
	Chapter 073 - Impact of Renal Replacement Therapy on Metabolism and Nutrient Requirements in the Critically Ill Patient.pdf
	Chapter 074 - Amino Acid Turnover, Protein Metabolism, and Nitrogen Balance in Acute Kidney Injury.pdf
	Chapter 075 - Carbohydrates and Lipids.pdf
	Chapter 076 - Endocrinology of the Stress Response During Critical Illness.pdf
	Chapter 077 - Anemia of Critical Illness.pdf
	Chapter 078 - Management of Nutrition in Acute Kidney Injury and Renal Replacement Therapy.pdf
	Chapter 079 - Blood Glucose Control in Critical Care.pdf
	Chapter 080 - Enteral Nutrition.pdf
	Chapter 081 - Microbiologic Considerations in the Intensive Care Patient.pdf
	Chapter 082 - Innate Immunity and the Kidney.pdf
	Chapter 083 - Adaptive Immunity and Critical Illness.pdf
	Chapter 084 - Spontaneous Bacterial Peritonitis and Hepatorenal Syndrome.pdf
	Chapter 085 - Tropical Infections Causing Acute Kidney Injury.pdf
	Chapter 086 - Sepsis and Septic Shock.pdf
	Chapter 087 - Complement and Its Consequences in Sepsis.pdf
	Chapter 088 - Coagulation Abnormalities in Sepsis.pdf
	Chapter 089 - Endothelial Dysfunction of the Kidney in Sepsis.pdf
	Chapter 090 - Sepsis-Induced Acute Kidney Injury.pdf
	Chapter 091 - Recommendations for Sepsis Management.pdf
	Chapter 092 - Principles of Antimicrobial Prescription in Intensive Care Unit Patients With Acute Kidney Injury.pdf
	Chapter 093 - Renal Replacement Therapy for Septic Acute Kidney Injury.pdf
	Chapter 094 - Blood Purification for Sepsis.pdf
	Chapter 095 - Management of Infection in Patients With Kidney Transplant.pdf
	Chapter 096 - Critical Care Viral Infections.pdf
	Chapter 097 - Principles of Antibiotic Prescription in Intensive Care Unit Patients and Patients With Acute Renal Failure.pdf
	Chapter 098 - Drugs and Antidotes in Acute Intoxication.pdf
	Chapter 099 - Extracorporeal Therapies in Acute Intoxication and Poisoning.pdf
	Chapter 100 - Plasmapheresis in Acute Intoxication and Poisoning.pdf
	Chapter 101 - Poisoning_ Kinetics to Therapeutics.pdf
	Chapter 102 - Bleeding and Hemostasis in Acute Renal Failure.pdf
	Chapter 103 - Gastrointestinal Problems in Acute Kidney Injury.pdf
	Chapter 104 - Cardiovascular Problems in Acute Kidney Injury.pdf
	Chapter 105 - Water and Electrolyte Disturbances in Acute Renal Failure.pdf
	Chapter 106 - Neurologic Problems in Acute Renal Failure.pdf
	Chapter 107 - Immunologic and Infectious Complications of Acute Kidney Injury.pdf
	Chapter 108 - Cellular Response to Acute Kidney Injury.pdf
	Chapter 109 - Heart-Kidney Cross-Talk.pdf
	Chapter 110 - Classification of Cardiorenal Syndrome.pdf
	Chapter 111 - Cardiorenal Syndrome Type 1.pdf
	Chapter 112 - Cardiorenal Syndrome Type 2.pdf
	Chapter 113 - Cardiorenal Syndrome Type 3.pdf
	Chapter 114 - Cardiorenal Syndrome Type 4.pdf
	Chapter 115 - Cardiorenal Syndrome Type 5.pdf
	Chapter 116 - Renal Function During Cardiac Mechanical Support and Artificial Heart.pdf
	Chapter 117 - The Kidney in Diastolic Dysfunction.pdf
	Chapter 118 - Principles of Diuretic Management in Heart Failure.pdf
	Chapter 119 - Management of Overhydration in Heart Failure Patients.pdf
	Chapter 120 - Recent Advances for Stroke Prevention in Patients With Atrial Fibrillation and Advanced Kidney Disease.pdf
	Chapter 121 - Lung-Kidney Cross-Talk.pdf
	Chapter 122 - The Kidney During Mechanical Ventilation.pdf
	Chapter 123 - Extracorporeal Membrane Oxygenation and Renal Function.pdf
	Chapter 124 - Extracorporeal Carbon Dioxide Removal.pdf
	Chapter 125 - Extracorporeal Membrane Oxygenation and Continuous Renal Replacement Therapy in Adults and Children.pdf
	Chapter 126 - Pulmonary-Renal Syndrome.pdf
	Chapter 127 - Liver-Kidney Interaction.pdf
	Chapter 128 - Pathophysiology and Management of the Hepatorenal Syndrome.pdf
	Chapter 129 - Kidney Dysfunction After Liver Transplantation.pdf
	Chapter 130 - Extracorporeal Liver Support Devices.pdf
	Chapter 131 - Treatment of Combined Acute Renal Failure and Cerebral Edema.pdf
	Chapter 132 - Renal Protection in the Organ Donor.pdf
	Chapter 133 - Effect of Extracorporeal Therapies on the Brain.pdf
	Chapter 134 - Components of Fluid Balance and Monitoring.pdf
	Chapter 135 - Noninvasive Methods of Fluid Status Assessment in Critically Ill Patients.pdf
	Chapter 136 - Management of Fluid Overload in Cardiorenal Patients_ The Five B Approach.pdf
	Chapter 137 - Mechanical Fluid Removal.pdf
	Chapter 138 - Indications for Renal Replacement Therapy in the Critically Ill.pdf
	Chapter 139 - Principles of Extracorporeal Circulation and Transport Phenomena.pdf
	Chapter 140 - Membranes and Filters for Use in Acute Renal Failure.pdf
	Chapter 141 - Continuous Renal Replacement Therapy Machine Technology.pdf
	Chapter 142 - Principles of Anticoagulation in Extracorporeal Circuits.pdf
	Chapter 143 - Dialysis Solutions and Replacement Fluids.pdf
	Chapter 144 - Starting and Stopping Renal Replacement Therapy in the Critically Ill.pdf
	Chapter 145 - The Concept of Renal Replacement Therapy Dose and Efficiency.pdf
	Chapter 146 - Quantification of Acute Renal Replacement Therapy.pdf
	Chapter 147 - Principles of Pharmacodynamics and Pharmacokinetics of Drugs Used in Extracorporeal Therapies.pdf
	Chapter 148 - Ethical Considerations in Acute Renal Replacement Therapy.pdf
	Chapter 149 - Intermittent Techniques for Acute Dialysis.pdf
	Chapter 150 - Solute and Water Transport in Hemodialysis_ Dialyzers, Flow Distribution, and Cross-Filtration.pdf
	Chapter 151 - Biocompatibility of the Dialysis System.pdf
	Chapter 152 - Composition of Hemodialysis Fluid.pdf
	Chapter 153 - Indications for and Contraindications to Intermittent Hemodialysis in Critically Ill Patients.pdf
	Chapter 154 - Technical and Clinical Complications of Intermittent Hemodialysis in the Intensive Care Unit.pdf
	Chapter 155 - Correction of Water, Electrolyte, and Acid-Base Derangements by Hemodialysis and Derived Techniques.pdf
	Chapter 156 - Urea Kinetics, Efficiency, and Adequacy of Hemodialysis and Other Intermittent Treatments.pdf
	Chapter 157 - Assessment of Fluid Status and Body Composition and Control of Fluid Balance With Intermittent Hemodialysis in the Critically Ill Patient.pdf
	Chapter 158 - Outcomes of Intermittent Hemodialysis in Critically Ill Patients With Acute Kidney Injury.pdf
	Chapter 159 - Hybrid Dialysis Techniques in the Intensive Care Unit.pdf
	Chapter 160 - The Role of Plasmapheresis in Critical Illness.pdf
	Chapter 161 - Cascade Filtration for ABO Incompatible Transplant.pdf
	Chapter 162 - Nursing Issues and Procedures in Continuous Renal Replacement Therapy.pdf
	Chapter 163 - Indications for Continuous Renal Replacement Therapy_ Renal Replacement Versus Renal Support.pdf
	Chapter 164 - Beginning and Ending Continuous Renal Replacement Therapy in the Intensive Care Unit.pdf
	Chapter 165 - Solute and Water Kinetics in Continuous Therapies.pdf
	Chapter 166 - Continuous Renal Replacement Therapy_ Modalities and Their Selection.pdf
	Chapter 167 - Vascular Access for Acute Renal Replacement Therapy.pdf
	Chapter 168 - Anticoagulation Strategies for Continuous Renal Replacement Therapy.pdf
	Chapter 169 - Nursing Strategies to Prevent Coagulation of the Extracorporeal Circuit.pdf
	Chapter 170 - Adequacy of Continuous Renal Replacement Therapy_ Prescription and Delivery.pdf
	Chapter 171 - High-Volume Hemofiltration in the Intensive Care Unit.pdf
	Chapter 172 - Pulse High-Volume Hemofiltration in Management of Critically Ill Patients With Severe Sepsis or Septic Shock.pdf
	Chapter 173 - High Cutoff Membranes for Mediators Removal.pdf
	Chapter 174 - Clinical Effects of Continuous Renal Replacement Therapies.pdf
	Chapter 175 - Antibiotic Adjustment in Continuous Renal Replacement Therapy.pdf
	Chapter 176 - Nomenclature_ Basic Principles.pdf
	Chapter 177 - Nomenclature_ Techniques.pdf
	Chapter 178 - Peritoneal Dialysis System.pdf
	Chapter 179 - Indications, Contraindications, and Complications of Peritoneal Dialysis in Acute Renal Failure.pdf
	Chapter 180 - Solute and Water Transport Across the Peritoneal Barrier.pdf
	Chapter 181 - Choice of Peritoneal Dialysis Technique_ Intermittent or Continuous.pdf
	Chapter 182 - Correction of Fluid, Electrolyte, and Acid-Base Derangements by Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 183 - Feasibility, Efficiency, and Adequacy of Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 184 - Clinical Results and Complications of Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 185 - Treatment of Peritonitis and Other Clinical Complications of Peritoneal Dialysis in the Critically Ill Patient.pdf
	Chapter 186 - Comparison of Peritoneal Dialysis With Other Treatments for Acute Kidney Injury.pdf
	Chapter 187 - Continuous-Flow Peritoneal Dialysis as Acute Therapy.pdf
	Chapter 188 - Nursing and Procedure Issues in Peritoneal Dialysis.pdf
	Chapter 189 - Sorbents_ From Basic Structure to Clinical Application.pdf
	Chapter 190 - Therapeutic Apheresis in Critically Ill Patients_ Indications, Modalities and Techniques, Clinical Results.pdf
	Chapter 191 - Extracorporeal Blood Purification Techniques Beyond Dialysis_ Coupled Plasmafiltration-Adsorption.pdf
	Chapter 192 - Prometheus System.pdf
	Chapter 193 - Toraymyxin and Other Endotoxin Adsorption Systems.pdf
	Chapter 194 - Plasmafiltration-Adsorption-Dialysis System.pdf
	Chapter 195 - Extracorporeal Membrane Oxygenation for Cardiac Support.pdf
	Chapter 196 - Extracorporeal Membrane Oxygenation for Pulmonary Support.pdf
	Chapter 197 - Cell-Based Therapies.pdf
	Chapter 198 - Cellular and Molecular Mechanisms of Acute Kidney Injury.pdf
	Chapter 199 - Epidemiology of Pediatric Acute Kidney Injury.pdf
	Chapter 200 - Treatment of Acute Kidney Injury in Children_ Conservative Management to Renal Replacement Therapy.pdf
	Chapter 201 - Technical Aspects of Pediatric Continuous Renal Replacement Therapy.pdf
	Chapter 202 - Multiple Organ Dysfunction in the Pediatric Intensive Care Unit.pdf
	Chapter 203 - Drug Dosing in Pediatric Acute Kidney Insufficiency and Renal Replacement Therapy.pdf
	Chapter 204 - Nutrition of Critically Ill Children With Acute Renal Failure.pdf
	Chapter 205 - Outcome of Pediatric Acute Kidney Injury.pdf
	Chapter 206 - Renal Replacement Therapy for the Critically Ill Infant.pdf
	Chapter 207 - Neonatal Hyperammonemia and Continuous Renal Replacement Therapy.pdf
	Chapter 208 - Modified Ultrafiltration in Pediatric Heart Surgery.pdf
	Chapter 209 - Techniques and Machines for Pediatric Renal Replacement Therapy.pdf
	Chapter 210 - Antibiotics in Critically Ill Newborns and Children_ Nephrotoxicity and Management During Renal Replacement Therapy.pdf
	Chapter 211 - Patient Selection and Pretransplantation Care for Kidney Transplant Recipients.pdf
	Chapter 212 - Kidney Support and Perioperative Care in Kidney Transplantation.pdf
	Chapter 213 - Acute Renal Failure in Kidney Transplant Recipients.pdf
	Chapter 214 - Management of Chronic Kidney Disease and End-Stage Kidney Disease Patients in the Intensive Care Unit.pdf
	Chapter 215 - Management of Patients with Diabetes in the Intensive Care Unit.pdf
	Chapter 216 - Diagnosis and Management of Acute Kidney Injury in the Emergency Department.pdf
	Chapter 217 - Anticancer Drugs and the Kidney.pdf
	Chapter 218 - Antiinflammatory Drugs and the Kidney.pdf
	Chapter 219 - Calcineurin Inhibitors and Other Immunosuppressive Drugs and the Kidney.pdf
	Chapter 220 - Alternative Medicine and Chinese Herbs and the Kidney.pdf
	Chapter 221 - Environment, Smoking, Obesity, and the Kidney.pdf
	Chapter 222 - Lead and Heavy Metals and the Kidney.pdf
	Chapter 223 - Statins and the Kidney.pdf
	Chapter 224 - Erythropoietin Therapy in Critically Ill and Acute Kidney Injury Patients.pdf
	Chapter 225 - Vasoactive Drugs, Renal Function, and Acute Kidney Injury.pdf
	Chapter 226 - End Points for Clinical Trials in Acute Kidney Injury.pdf
	Chapter 227 - Hypothermia and the Kidney.pdf
	Chapter 228 - Renin-Angiotensin System Blockers and Acute Kidney Injury.pdf

