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Your kidneys are amazing. Each may weigh only 150 ¢ but together they filter up
to 180 litres (180 dm®) of plasma every day. This means that your total blood
plasma volume is filtered once every 22 minutes! Fortunately, your kidneys also
reabsorb 99% of the salt and water they filter, which means that they are able to
regulate your body fluid volume precisely.

W he main function of the kidneys is to excrete
excess water and salt. In doing so, they-regu-

Salt gnd water balance Antidiuretic hormone (ADH) late the volume of water in the body and
Countercurrent multiplication Osmoregulation therefore blood pressure. They have a number
Nephron ‘ Urine of other equally important roles. These include the

excretion of ions other than salt (sodium and chlo-
ride), such as potassium and hydrogen, and the regu-
lation of acid-base balance. Nitrogenous waste such as
urea, and other metabolic waste products, including
drugs such as penicillin, are removed. Finally, the
kidneys produce erythropoietin, the hormone that
regulates red blood cell production (see BIOLOGICAL
Sciences ReviEw Vol. 11, No. 2, pp. 2-4), and the
enzyme renin, which is involved in blood
pressure regulation. In this article we

focus on the regulation of salt and
water.
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Kidney structure
In humans, the kidneys
are bean-shaped organs
that lie in the rear of the
abdominal cavity, one
either side of the spine.
Each kidney is divided into
an outer cortex and an inner
medulla, surrounded by a fibrous
capsule (see Figure 1). Blood is
delivered via the renal artery and
leaves via the renal vein. Urine

New Zealand international rugby
player Jonah Lomu suffered from
nephrotic syndrome, in which
damage to the glomeruli results in
proteins entering the urine. Symp-
toms include swelling of the feet,
hands and around the eyes, and
high plasma cholesterol levels.
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The functional unit of the kidney is the nephron or
kidney tubule (see Figure 2). Each kidney contains
approximately 1 million nephrons, each of which is
capable of filtering blood, selectively reabsorbing ions,
water and other useful substances and forming urine.
Each nephron comprises a glomerulus — a ball of capil-
laries surrounded by the renal or Bowman'’s capsule
where filtration occurs. This leads on to the first or prox-
imal convoluted tubule, where most of the reabsorption
occurs. The glomeruli and convoluted tubules are in
the cortex of the kidney. From here, the nephron dives
into the medulla as the loop of Henlé, a hairpin section,
which, as described later, allows us to produce concen-
trated urine.

The loop of Henlé leads to the second or distal
convoluted tubule, which finally connects to a collecting
duct. It is here that hormones such as antidiuretic
hormone (ADH) act on the tubule to influence the final
composition of the urine. The urine then leaves the
kidney via the ureter to be stored in the bladder.

All nephrons perform three basic processes which
together determine the composition of the urine. These
are glomerular filtration, tubular reabsorption and
tubular secretion. Any substance that ends up in the
final urine must have been filtered by the glomerulus or
secreted into the filtrate by the tubular cells of the
nephron. Any substance that is removed from the final
urine is transported out of the filtrate, by either active or
passive transport processes.

Glomerular filtration
Blood enters the capillaries of the glomerulus through
the afferent arteriole (see Figure 2). Plasma is then
filtered through three layers which selectively block the
movement of substances on the basis of their size and
electrical charge. The first layer is the capillary wall itself,
which consists of a single layer of endothelial cells. Large
pores, known as fenestrae, allow water and solutes to
pass through, but the larger blood cells and platelets
cannot pass. Because of these pores, the glomerular
capillaries are 100 times more permeable than any other
capillaries in the body. The next layer is the basement
membrane, which consists of collagen and glycoproteins
(see BIOLOGICAL ScCIENCES ReEviEw Vol. 13, No. 4, pp.
36-39). The glycoproteins are negatively charged and
act to repel small negatively charged plasma proteins,
such as albumin, which have been able to pass through
the pores in the capillary wall. Finally, the water and
solutes must pass though the inner layer of the renal
capsule. This is made up of podocytes. These are cells
with long foot-like processes that link together to form
filtration slits (see Figure 3 on p. 4). These narrow slits
are the final barrier, preventing all but the smallest of
molecules from passing into the beginning of the tubule.
As a result, a healthy individual’s urine contains little or
no protein. If protein is present, this indicates that the
glomerular filtration barrier has been damaged, leading
to a condition known as nephrotic syndrome.

About 20% of the water and solutes in the plasma
are filtered during the passage of blood through the
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Figure 1 Coloured computed tomography (CT) scan of a
section through a whole healthy human kidney.
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Figure 2 The nephron
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glomerulus. However, the blood supply to the kidneys
is unusual because there is a second set of capillaries.
The remaining water and solutes, along with the blood
cells and platelets, leave the glomerulus via the efferent
arteriole and enter a second network of capillaries which
surrounds the nephron. Blood containing reabsorbed
water and ions drains from these capillaries into veins
and eventually leaves the kidney via the renal vein.

The passage of water and solutes into the nephron
and formation of the glomerular filtrate is dependent on
the pressure of the blood entering the afferent arteriole.
If this increases, the glomerular filtration rate will
increase and if it falls the glomerular filtration rate will
fall. Since we filter up to 180 dm?> of plasma per day, it
is important that the glomerular filtration rate is
precisely regulated. This process, known as autoregula-
tion, is so efficient that the glomerular filtration rate
remains constant even if the arterial blood pressure in
the rest of the body varies over a wide range. This is
achieved by the autonomic nervous system, which
controls the contraction and relaxation of the afferent
and efferent arteriole of each glomerulus.

Tubular reabsorption

Once the filtrate has entered the tubule, up to 99.5% of
water and ions are selectively reabsorbed, leaving waste
products such as urea and any excess of ions such as
sodium and hydrogen to be excreted in the final urine.
This is a huge task, amounting to 178.5 dm’> of water,
1.46 kg of salt and 5.5 kg of glucose per day, so it is not
surprising that the kidneys require a lot of metabolic
energy.

The main site of reabsorption is the first convoluted
tubule where ‘bulk’, unregulated reabsorption of water
and selected ions occurs. The first convoluted tubule, like
the rest of the nephron, comprises a single layer of epithe-
lial cells. Anything that is reabsorbed back into the blood
must either pass through or between these cells.
However, water and ions will only move out of the filtrate
and into the blood if there is a gradient — either electro-
chemical or concentration — which favours that move-
ment. Ions will flow from a region of high concentration
to a region of low concentration, or be attracted to a
region with an excess of ions of the opposite polarity (e.g.
positive potassium ions (K*) will move to a region with
an excess of negative ions such as chloride (CI")). All
such gradients depend on the active transport of sodium
ions. Everything else that is transported hitches a ride on
the active movement of sodium and follows passively.

The active, energy-requiring step of sodium trans-
port occurs on the blood side of the tubule cells (see
Figure 4). Sodium ions (Na*) are pumped out of the cell
and potassium ions (K*) are pumped into the cell by
carrier proteins which get the energy for active transport
by splitting ATP. These are called Na*:K* ATPase carriers.
As the concentration of sodium inside the tubular cell is
lower than that outside the cell, this requires energy
because the carrier is pumping sodium against a concen-
tration gradient. The consequence of this action is that
the concentration of sodium in the cell becomes lower
than that of the sodium in the filtrate in the tubule. So
by creating this concentration gradient across the
membrane of the cell facing in towards the tubular fluid,
sodium ions will move passively into the cell.
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[image: image4.jpg]The movement of sodium ions across the epithelial
cells of the proximal tubule in turn creates an osmotic
gradient. As sodium ions are removed from the tubular
fluid, the remaining fluid becomes more dilute than the
fluid on the blood side of the cell. As the plasma
membranes in the first convoluted tubules are perme-
able to water, water will follow the movement of
sodium ions by the process of osmosis. In other words,
water moves passively out of the tubular fluid as a result
of the active transport of sodium ions.

Water is not the only substance to use the concen-
tration gradient set up by active sodium transport. The
membranes of proximal tubule cells also have sodium
co-transporters which are linked to glucose, amino acids
and a number of other organic ions. So, for example, the
sodium:glucose co-transporter uses the concentration
gradient for sodium across the inward facing membrane
to move both a sodium ion and a glucose molecule
without the need for any additional energy expenditure.
This process is so efficient that the kidney of a healthy
individual totally reabsorbs all of the glucose that has
been filtered. Glucose is normally only found in the
urine of someone with uncontrolled diabetes mellitus,
because so much glucose is filtered that it can’t all be
reabsorbed. (see BIOLOGICAL SCIENCES REVIEw Vol. 15,
No. 2, pp. 30-35).

Countercurrent multiplication and the loop

of Henlé

Sodium and water are reabsorbed in equal proportions

by the proximal tubule, because the tubular cells are

equally permeable to both. However, this is not the case
in the loop of Henlé. Cells in the descending limb of the
loop are permeable to water but not sodium, whereas
those in the ascending limb are permeable to sodium but
not water. This allows a vertical osmotic gradient to be
established as the tubule progresses deeper into the
medulla. The key stages in the process are as follows (see

Figure 5):

(1) Sodium ions are actively pumped out of the
ascending limb, creating a higher concentration of
salt in the interstitial fluid that bathes the outside of
the cells than in the fluid remaining in the tubule.
There is a limit to the concentration gradient that
these pumps can create at any point. This concen-
tration is measured in milliOsmoles per kilogram
(mOsmkg™), a measure of the ability of the solu-
tion to attract water. The maximal horizontal
gradient across the cells of the ascending limb at
any point is 200 mOsm kg

(2) Water is dragged out of the tubular fluid in the
descending limb by the osmotic gradient created in
the interstitial fluid bathing the outside of the
tubular cells.

(3) Removal of the water from the fluid entering the
descending limb increases the salt concentration of
that fluid as it progresses down the limb. This allows
a higher salt concentration to be generated in the
surrounding interstitial fluid when sodium ions are
pumped out from the ascending side. Remember,
the pump can only achieve a horizontal gradient of
200mOsmkg™! across the epithelial cells, but by
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Figure 4 Sodium ion transport across a first convoluted tubule cell.
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Figure 5 Countercurrent multiplication in the loop of Henlé.
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successive removal of water as fluid passes down
the descending limb, a large vertical gradient can be
achieved (from 300 at the top to 1200 mOsm kg ™! at
the bottom of the hairpin).

How does this allow us to produce dilute or concen-
trated urine according to the body’s requirements? As
you can see in Figure 5, the concentration of the tubular
fluid entering the loop of Henlé is the same as that of
plasma, 300 mOsm kg™'. However, by the time it leaves
the loop of Henlé and enters the second convoluted
tubule and collecting duct, it is less concentrated than
the blood at 100 mOsm kg™'. What happens next deter-
mines whether dilute or concentrated urine is produced.
The collecting duct is normally impermeable to water, so
despite the large osmotic gradient present in the
surrounding interstitial fluid, water will not leave the
tubular fluid as it passes down the collecting duct.
Consequently, a large volume of dilute urine is
produced. This happens when there is excess fluid in the
body. If the body is dehydrated, water can be passively
reabsorbed as it travels-through the collecting duct by
increasing the permeability of this part of the nephron
to water. This change in permeability is activated by
antidiuretic hormone (ADH).

Regulation of water balance

ADH is released by the posterior pituitary gland in
response to an increase in blood salt concentration or a fall
in blood volume. There is normally a low level of ADH
circulating in the blood, which limits our urine output to
about 1.5dm’> per day. If we drink large amounts of
water, our urine output can exceed 8 dm> per day. When
we are severely dehydrated, the concentration of ADH
increases to conserve all but 500 cm® of water per day.
This is the minimum amount of water in which the
essential waste products (e.g. urea) can be dissolved.
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Maximally concentrated urine has a salt concentra-
tion of 1200mOsmkg™!, because this is the highest
concentration that can be generated by our loops of
Henlé. However, the maximum urine concentration of
some desert rodents, such as the kangaroo rat, can
exceed 5500 mOsm kg ! (14 times its plasma salt concen-
tration). This allows such animals to restrict water loss to
a minimum. These animals have evolved kidneys with
very long loops of Henlé, which creates a higher concen-
tration gradient in the medulla and therefore a urine
salt concentration greater than 1200 mOsmkg™'. The
horizontal osmotic gradients which they can generate are
the same as ours — 200 mOsm kg™'. However, because
the loops are much longer, the stepwise removal of water
in the descending limb is greater and so the final osmotic
concentration of the interstitial fluid at the bottom of
the loop is much greater.

Your kidneys do a fantastic job of regulating your
body water and salt content despite the different
amounts of food and drink that you swallow every day.
Not only that, they are able to remove waste products
from your blood and selectively reabsorb useful ions
and other substances such as glucose. They may not
seem special at first glance, but they are the key to-our
survival on dry land where control of the internal envi-
ronment is essential for life.

Points for discussion

Kidney transplants represent the best chance for
many patients with chronic kidney failure, but organs
for transplantation are in short supply. How can organ
donor cards, living donations and xenotransplants
(transplants between species, e.g. a pig kidney trans-
planted into a human) help? What are the ethical
and practical considerations?

Dr Nick Ashton is a Lecturer in Renal Physiology at the
University of Manchester School of Biological Sciences.
His research focuses on the kidney's role in the control of
blood pressure and the hormonal control of salt and water
balance.

KEYpoints

® The kidneys filter 180dm?3 of plasma per day, but
reabsorb up to 99.5% of this filtrate.

® They are essential for the regulation of extracellular
fluid volume, blood pressure, acid-base balance and
metabolic waste products such as urea.

® The functional unit of the kidney is the nephron.

® Filtration of water and solutes occurs in the
glomerulus.

* Selective reabsorption of up to 65% of filtered water
and solutes occurs in the first convoluted tubule.

® The loop of Henlé acts as a countercurrent multi-
plier, allowing the formation of both dilute and
concentrated urine.

® Water is reabsorbed by the collecting duct only in the
presence of antidiuretic hormone (ADH).
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