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Objectives

1. Discuss glomerular filtration rate and regulation of GFR.
2. Describe tubular reabsorption.

3. Explore homeostatic regulation of tubular
reabsorption and tubular secretion.

4. Discuss production of dilute and concentrated urine,
evaluation of kidney function, and renal plasma
clearance.

(Pages 993- 1014 of the reference)




Figure 26.9 The pressures that drive glomerular filtration
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Glomerular filtration depends
on three main pressures. One
pressure promotes filtration,
and two pressures oppose

filtration.
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pressure promotes filtration,
whereas capsular hydrostatic
pressure and blood colloid
osmotic pressure oppose
filtration.



NET FILTRATION PRESSURE

= Glomerular blood hydrostatic pressure (GBHP) is the ﬁ&‘%&“’“ﬁﬁ"e‘é‘sﬁ}é}”f’f’i

glomerular capillaries. Generally, GBHP is about 55 mmHg (millimetre of
mercury). It promotes filtration by forcing water and solutes in blood plasma

through the filtration membrane.
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= Capsular hydrostatic pressure (CHP) is the hydrostatic pressure exerted Egaf;@t

the filtration membrane by fluid already in the capsular space and renal tubule.
CHP opposes filtration and represents a “back pressure” of about 15 mmHg.
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= Blood colloid osmotic pressure (BCOP), which is due to the presence of proteins
such as albumin, globulins, and fibrinogen in blood plasma, also opposes
filtration. The average BCOP in glomerular capillaries is 30 mmHg.




NET FILTRATION PRESSURE

Net filtration pressure (NFP), the total pressure that promotes
filtration, i1s determined as follows:

Net filtration pressure (NFP) = GBHP — CHP — BCOP

By substituting the values just given, normal NFP may be calcu-
lated:

NFP = 55 mmHg — 15 mmHg — 30 mmHg
= 10 mmHg

Thus, a pressure of only 10 mmHg causes a normal amount of
blood plasma (minus plasma proteins) to filter from the glomeru-
lus into the capsular space.



GLOMERULAR FILTRATION RATE
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= The amount of filtrate formed in all renal corpuscles of both

kidneys each minute is the glomerular filtration rate (GFR).

= In adults, the GFR averages d25imli/min in males and 105

mL/min in females. b € it 5 o 515 ol
GFR Luws culi

= Homeostasis of body fluids requires that the kidneys maintain a
relatively constant GFR.
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GLOMERULAR FILTRATION RATE

= If the GFR is too high, needed substances may pass 5o quickly
through the renal tubules that some are not reabsorbed and are

lost in the urine. o Lol Sole) oS S8 laa Liaiaie i€ gl June S 1)
SIS It L S laie ey 5, Y iy Lo latl)

= If the GFR is too low, nearly all the filtrate may be reabsorbed
and certain waste products may not be adequately excreted.

= GFR is directly related to the pressures that determine net

filtration pressure; any change in net filtration pressure will
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GLOMERULAR FILTRATION RATE

= The mechanisms that regulate glomerular filtration rate operate in two
main ways:

= (1) by adjusting blood flow into and out of the glomerulus. GFR increases

when blood flow into the glomerular capillaries increases.

= (2) by altering the\fgalsé)r%oe%si} gglggp%lfeﬂ%fngarface area available for filtration.

Coordinated control of the diameter of both afferent and efferent arterioles
regulates glomerular blood flow. Constriction of the afferent arteriole
decreases blood flow into the glomerulus; dilation of the afferent arteriole
increases it.

= Three mechanisms control GFR: renal autoregulation, neural regulation,
and hormonal regulation.
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RENAL AUTOREGULATION OF GFR
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= The kidneys themselves help maintain a constant renal blood flow
and GFR despite normal, everyday changes in blood pressure, like
those that occur during exercise. This capability is called renal

autoregulation. 4 ¢ 43l b Blood flow
idle oS GFR - ALk dBdle

= [t consists of two mechanisms—the myogenic mechanism and
tubuloglomerular feedback. Working together, they can maintain
nearly constant GFR over a wide range of systemic blood pressures.
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RENAL AUTOREGULATION OF GFR
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= The myogenic mechanism occurs when stretching triggers
contraction of smooth muscle cells in the walls of afferent
arterioles. As blood pressure rises, GFR also rises because renal
blood flow increases. However, the elevated blood pressure
stretches the walls of the afferent arterioles, which narrows the
arteriole’s lumen. As a result, renal blood flow decreases, thus
reducing GFR to its previous level.
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RENAL AUTOREGULATION OF GFR
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Tubuloglomerular Feedback
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NEURAL REGULATION OF GFR
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» Like most blood vessels of the body, those of the kidneys are supplied by
sympathetic ANS fibers that release norepinephrine.
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» At rest, sympathetic stimulation is moderately low, the afferent and efferent

arterioles are dilated, and renal autoregulation of GFR prevails.
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» With moderate sympathéi‘ihé&stimulation, both afferent and efferent
arterioles constrict to the same degree. Blood flow into and out of the
glomerulus is restricted to the same extent, which decreases GFR only
slightly. GFR & b (lali juay dla (lie



NEURAL REGULATION OF GFR
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» With greater sympathetic stimulation, however, as occurs during exercise

or hemorrhage, mencanatriction of the afferent arterinles nredaminater, Ag

a result, blood flow into glomerular capillaries is greatly decreased, and
GFR drops.

» This lowering of renal blood flow has two consequences: (1) It reduces
urine output, which helps conserve blood volume. (2) It permits greater
blood flow to other body tSSUES. . o i g g o (1) b s ol 505 s s 1
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HORMONAL REGULATION OF GFR

Two hormones contribute to regulation of GFR:

a >Afferent
1. (Angiotensin II (very potent Wreduces GER.

Vasodilation
2. Atrial natriuretic peptide (ANP) increases GFR because ANP increases the

capillary surface area available for filtration.
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TABLE 26.2

Regulation of Glomerular Filtration Rate (GFR)

TYPE OF REGULATION

Renal autoregulation
Myogenic mechanism

Tubuloglomerular
feedback

Neural regulation

Hormone regulation

Angiotensin Il

Atrial natriuretic
peptide (ANP)

MAJOR STIMULUS

Increased stretching of smooth muscle
fibers in afferent arteriole walls due to
increased blood pressure.

Rapid delivery of Na" and C1" to the
macula densa due to high systemic blood
pressure.

Increase in activity level of renal
sympathetic nerves releases
norepinephrine.

Decreased blood volume or blood pressure
stimulates production of angiotensin II.

Stretching of atria of heart stimulates
secretion of ANP.

MECHANISM AND SITE OF ACTION

Stretched smooth muscle fibers contract,
thereby narrowing lumen of afferent
arterioles.

Decreased release of nitric oxide (NO) by
juxtaglomerular apparatus causes constriction
of afferent arterioles.

Constriction of afferent arterioles through
activation of a; receptors and increased
release of renin.

Constriction of afferent and efferent arterioles.

Relaxation of mesangial cells in glomerulus
increases capillary surface area available for
filtration.

EFFECT ON GFR

Decrease.

Decrease.

Decrease.

Decrease.

Increase.
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TUBULAR REABSORPTION AND

TUBULAR SECRETION

Tubules ' blood vessel systemic circulation ) g b (s
Peritubular capillry

» The return of most of the filtered water and many of the filtered solutes (as sodium,
potassium, chloride, bicarbonate and phosphate ions) to the bloodstream.

[ Reabsorption:
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0 Tubular secretion: pll (o8 Ldpandl day (o8 pSall e pngpinel] il 530 el (1) >
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» the transfer of materials (as hydrogen, potassium ions and ammonium ions,
creatinine, and certain drugs such as penicillin) from the blood and tubule cells into
glomerular filtrate. Tubular secretion has two important outcomes:

» (1) The secretion of hydrogen ions helps control blood pH.

> (2) The secretion of other substances helps eliminate them from the body in urine



~ Substances Filtered, Reabsorbed;and™
Excreted in Urine per Day

TABLE 211
Substances Filtered, Reabsorbed, and Excreted in Urine per Day
SUBSTANCE FILTERED* (ENTERS REMAL TUBULE) REABSORBED (RETURNED TO BLOOD) SECRETED IN URINE
Water 180 liters 178-179 liters 12 liters
Chioride ions (Cl ) 40 g 033.7 ¢ 63 g
Sodium ions (Na') $9g 575 ¢ ig
Bicarbonate ions (HCO4 ) 5y 27497 ¢ 0.03 g
V Glucose Reabsorption 162 ¢ 162 g )
Urea g My 0g
Potassium ions (K ) M6 M6y Wy
Uric acid ) Big g 08¢
0 Secretion 2
(/Clm skeletal muscle & 055 l6g 0 l6g
*Assuming gomenar fitration is 180 Mers per day
in 30ton 10 beng Ntared and reabscrbed, Lrea IS secreted.
AR virtually il fered K s reabsorbed in the convoluted lubules and loop of Henle, a varable amount of K' is secreted in the collecting duct




REABSORPTION ROUTES
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Reabsorption Routes i
e Paracellular reabsorption Y'In the renal system,
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REABSORPTION ROUTES

Fluid in Tubule Peri_tubular
tubule cell capillary
lumen

Na' o;’.oocooowm;'ﬂifd> Na’ooo.ooo) Na*

Paracellular |
reabsorption x

Transcellular .
reabsorption . \I
BRI -

Tight junction Interstitial
brane > fluid
algll AR L T RS A o

v The apical membrane contacts the
tubular fluid, and the basolateral
membrane contacts interstitial fluid at
the base and sides of the cell.

& 8 e Basolateral membrane 2 apical membrane
per1tubula1 capillary L2~ interstitial fluid _
Even th ougﬁ the epithelial cells are

connected by tight junctions, the tight
junctions between cells in the proximal
convoluted tubules are “leaky” and
permit some reabsorbed substances to
pass between cells into peritubular
capillaries.
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Fluid in Tubule Peritubular
tubule cell capillary

lumen -

Na' o-roooo..mm{ij'." Na’....loo» Na*
Paracellular
reabsorption x

> Na’o seep» Na*
ADP g ./
N M e — - ¥
Transcellular
reabsorption : -\l

Basolateral

membrane
Apical Tight junction Interstitial
membrane fluid

: TRANSPORT MECHANISMS

A A (e

In transcellular reabs<‘)rption, a substance passes
from the fluid in the tubular lumen through the
apical membrane of a tubule cell, across the
cytosol, and out into interstitial fluid through the
basolateral membrane.

v' When renal cells transport solutes out of or into

tubular fluid, they move specific substances in
one direction only. Not surprisingly, different
types of transport proteins are present in the
apical and basolateral membranes. The tight
junctions form a barrier that prevents mixing of
proteins in the apical and basolateral membrane
compartments.
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TRANSPORT MECHANISMS

Fluid in Tubule Peri}ubular
tubule cell capillary
lumen

Ng' ssceccennnnnnnnnsh Na'ooooooo’ Na*
Paracellular
reabsorption x

- Na‘eseep» Na*
ADP
Na* » Na*

Transcellular .

reabsorption -_—?\]
Baso_lateral
membrane

Apical Tight junction Interstitial

membrane fluid

Each type of transporter has an upper limit on
how fast it can work, just as an escalator has a
limit on how many people it can carry from one
level to another in a given period. This limit,
called the transport maximum (Tm), is measured
in mg/min.

Cells lining the renal tubules, like other cells
throughout the body, have a low concentration of
sodium ions in their cytosol due to the activity of
sodium-potassium pumps. These pumps are
located in the basolateral membranes and eject
sodium ions from the renal tubule cells. The
absence of sodium-potassium pumps in the
apical membrane ensures that reabsorption of
sodium ions is a one-way process.




TUBULAR REABSORPTION
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v Solute reabsorption drives water reabsorption because all water reabsorption

occurs via osmosis. About 90% of the reabsorption of water filtered by the kidneys
occurs along with the reabsorption of solutes such as sodium and chloride ions,

and glucose. Sl £ Lol "ol sl Y aleaied ] Bale] ol oLl el (qoi ¥ Jileadl (58 BIL1 sl e aliaiol olall ol sle ik
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v Water reabsorbed with solutes in tubular fluid is termed obligatory water

reabsorption because the water is “obliged” to follow the solutes when they are
reabsorbed. This type of water reabsorption occurs in the proximal convoluted
tubule and the descending limb of the nephron loop.

v Reabsorption of the final 10% of the water, a total of 10-20 liters per day, is termed
facultative water reabsorption. Facultative water reabsorption is regulated by
antidiuretic hormone and occurs mainly in the collecting ducts.
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REABSORPTION AND SECRETION IN

THE PROXIMAL CONVOLUTED TUBULE

v The largest amount of solute and water reabsorption from filtered fluid

occurs in the proximal convoluted tubules. sl bl e sl palaialssle]s LI e 2SS
il gl Y o Eaay
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Reabsorption of Glucose in

Fluid Proximal _ .
in tubule "= convoluted Peritubular capillary
lumen tubule cell
- -
.
ADP .
2Na* ¢ Na® D
/_ﬂ
. . ..0..0000...’ .....’ .
Glucose ¢ Glucose Glucose .
\-,
Tight junction
Interstitial .
fluid

Key:
Na“—glucose symporter
Glucose facilitated diffusion transporter

Diffusion

Sodium—potassium pump

\in

PCT ~ <>E E\,\g

A \$ 2
Intracellular sodium levels are
kept low due to Na*/K* ATPas
pump on basolateral membrane
Low intracellular Na+ creates
concentration gradient

e high in filtrate — low in cell
Na* symporters on apical
membrane use energy from
gradient to bring in glucose

- Secondary active transport
2 Na*and 1 glucose attach to
symporter and enter cell
together
Glucose then diffuses out of cell

and into peritubular capillaries
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Reabsorption of Bicarbonate, Na+ & H+ lons

Na+ antiporters reabsorb Na+ and
secrete H+

— PCT cells produce the H+ &
release bicarbonate ion to the
peritubular capillaries

— important buffering system

For every H+ secreted into the tubular

fluid, one filtered bicarbonate
eventually returns to the blood

(a) Na* reabsorption and H* secretion

Fluid
in tubule
lumen

Na*-H* antiporter

HCO, facilitated diffusion transporter

Diffusion

N

Sodium—potassium pump

(b) HCO, reabsorption




Passive Reabsorption in the 2nd Half of PCT

iFnu:i?bule gﬁfo"&d . » Electrochemical gradients
et SFiie co - produced by symporters &
| antiporters causes passive
[ - oo 5t reabsorption of other solutes
3321 | 33";: Cl-, K+, Ca+2, Mg+2 and urea
Urea_f***} 2> Urea passively diffuse into the
| peritubular capillaries
| Promotes osmosis in PCT
(especially permeable due to
H,0¢ = aquaporin-1 channels




REABSORPTION IN THE NEPHRON LOOP

eyadl Jilead | Jans (A3 Je 80 (dlsn) iaall cll o 765 (dlga aloatial wans Lol Lgilll Culi¥ ) gaan oY
e 45-40 Jsnoy Ggiall Bla (g8l 5 I

Because all of the proximal convoluted tubules reabsorb about 65% of the
filtered water (about 80 mL/min), fluid enters the next part of the nephron,
the nephron loop, at a rate of 40-45 mL/min.




Symporters in the Loop of Henle

Fluid Thick ascending Vasa recta

in tubule limb cell
lumen

Na+ s Na"'

o —— Lo B OCT seeep 2CI

sssssssssssssee » Cations
Na*
K+

Ca™
Mg®*

(impermeable
to water) Interstitial fluid is more
negative than fluid in

tubule lumen

Thick limb of loop of
Henle has Na+ K- CI-
symporters that
reabsorb these 1ons

K+ leaks through K+
channels back into the
tubular fluid leaving
the interstitial fluid
and blood with a
negative charge

Cations passively
move to the vasa recta

Key:
-

- -

Z

sece P

Na'-K'-2CI" symporter
Leakage channels
Sodium—potassium pump
Diffusion




REABSORPTION IN THE EARLY DISTAL CONVOLUTED

TUBULE
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Fluid enters the distal convoluted tubules at a rate of about 25 mL/ min
because 80% of the filtered water has now been reabsorbed.
@l e 759 csduall sLll o 715-10 dlsa 4aliatal (DCT) el Lsym N o oIV 5T Sl Sl uay
it Ol liss] oye /5 3 f.c.L assguall
The early or initial part of the distal convoluted tubufé DCT) reabsorbs
about 10-15% of the filtered water, 5% of the filtered Na ions, and 5% of the
filtered Cl iOIlS. Na-Cl symporters o lis 3ayb e Clg Na clinl golaisl 8ule &aay
el LoVl o
Reabsorption of Na and Cl ions occurs by means of Na—Cl ions symporters
in the apical membranes.




REABSORPTION IN THE EARLY DISTAL CONVOLUTED

TUBULE
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o Sodium-potassium pumps and Cl ions leakage channels in the basolateral
membranes then permit reabsorption of Na ions and Cl ions into the
peritubular capillaries. Parathyroid gland
Lo QS ESa K Galiaial Bale
o The early DCT also is a major site where parathyroid hormone (PTH)
stimulates reabsorption of calcium ions. The amount of calcium ions

reabsorption in the early DCT varies depending on the body’s needs.
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REABSORPTION AND SECRETION IN THE LATE DISTAL

CONVOLUTED TUBULE AND COLLECTING DUCT
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v  Two different types of cells—principal cells and intercalated cells—are

present at the late or terminal part of the distal convoluted tubule and

throughout the collecting duct. ¢l -Lssll e psspeall Slinl a3 il oo Baledl ¥ oo AR e
Gk oo elli e ST ell3 gpe Y pssiseall copuad @l e Luuuhll LLAL

oalall ¢l cpaygiedd
v" In contrast to earlier segments of the nephron, sodium ions passes through

the apical membrane of principal cells via sodium leakage channels rather

than by means of symporters or antiporters. i . «is gos i)l Wial gl Ll i v

ceass | Ll (o8 asanalisd] Slisl oo oAl asalisdll Slin] oy &1538 ransd Lol agaaseall Sl Jsaa

v' In the apical membrane of principal cells, sodium leakage channels allow

entry of sodium ions while potassium ions leakage channels allow exit of
potassium ions into the tubular fluid.




Actions of the Principal Cells

Key: Fluid

¢+« eep Diffusion :3 r:1uebnule

Peritubular capillary

=4 b= | eakage channels
Sodium—potassium pump

K"(o.

e}.\&j.».a UAJ:U UL"“‘; Na“eeseep Na*

MDM@ML;;
..

Na+ enters principal cells
through leakage channels ha=-. 3
 Na+ pumps keep the
concentration of Na+ in
the cytosol low

» Cells secrete variable Interstitial
amounts of K+, to adjust fiud
if’g{aileetary changes in K s Se apnli gl g a g gm U

— down concentration gradient due to Na+/K+pump
(—~Aldosterone increases this Na+ reabsorption (and passive water

blood reabsorption) & K+ secretion by principal cells by stimulating the
synthesis of new pumps and channels.
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HOMEOSTATIC REGULATION OF TUBULAR

REABSORPTION AND TUBULAR SECRETION

o Five hormones affect the extent of sodium, calcium and chloride ions, and
water reabsorption as well as potassium ions secretion by the renal
tubules. These hormones include: angiotensin II, aldosterone, antidiuretic
hormone, atrial natriuretic peptide, and parathyroid hormone.
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TABLE 26.4

Hormonal Regulation of Tubular Reabsorption and Tubular Secretion

HORMONE

Angiotensin Il

Aldosterone

Antidiuretic hormone
(ADH)

Atrial natriuretic
peptide (ANP)

Parathyroid
hormone (PTH)

MAJOR STIMULI THAT
TRIGGER RELEASE

Low blood volume or low blood
pressure stimulates renin-induced
production of angiotensin I1.

Increased angiotensin II level and
increased level of plasma K™ promote

release of aldosterone by adrenal cortex.

Increased osmolarity of extracellular
fluid or decreased blood volume
promotes release of ADH from
posterior pituitary gland.

Stretching of atria of heart stimulates
ANP secretion.

Decreased level of plasma Ca®*
promotes release of PTH from
parathyroid glands.

MECHANISM AND SITE OF ACTION

Stimulates activity of Na'—H §antiporters in

of aldg#Sterone and ADl—i.

Stimulates opening of Ca’* channels
in apical membranes of early distal
tubule cells.

EFFECTS

Increases reabsorption of Na*,
other solutes, and water, which
increases blood volume and blood
pressure.

Increases secretion of K™ and
reabsorption of Na™, CI"; increases
reabsorption of water, which
increases blood volume and blood
pressure.

Increases facultative reabsorption
of water, which decreases
osmolarity of body fluids.

Increases excretion of Na* in urine
(natriuresis); increases urine output
(diuresis) and thus decreases blood
volume and blood pressure.

Increases reabsorption of Ca”".
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PRODUCTION OF DILUTE AND CONCENTRATED URINE
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o Even though your fluid intake can be highly variable, the total volume of fluid in
your body normally remains stable.
sall (g olL1 ()8 Jane plail (K01 8,08 oo o€ s (olf panall ilpew pnm (33155 acing
o Homeostasis of body fluid volume depends in large part on the ability of the

kidneys to regulate the rate of water 10ss in urine. == !l os £ s ok S Jos ol Bl
ATl e 8yahim Sy (@i Joaall Sl (65 Lonic

€ Wleu of Ldinie 5,Lea Silgeal) Jolis oo Lovie

o Normally functioning kidneys produce a large volume of dilute urine when fluid
intake is high, and a small volume of concentrated urine when fluid intake is
low or fluid loss is large. 9 ~
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o ADH controls whether dilute urine or concentrated urine is formed. In the
absence of ADH, urine is very dilute. However, a high level of ADH stimulates

reabsorption of more water into blood, producing a concentrated urine.




Figure 26.18 Formation of dilute urine. Numbers indicate
osmolarity in milliosmoles per liter (mOsm/liter). Heavy brown

lines in the ascending limb of the nephron loop and in the distal

convoluted wbale indicate impermeability to water; heavy blue

lines indscate the last part of the distal convoluted tubule and the

collecting duct, which are impermeable to water in the absence of
ADH: light blue arcas around the nephron represent interstitial fusd

@ When the ADH level is low, urine is dilute and has an
osmolarity less than the osmolarity of blood.
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FORMATION OF DILUTE URINE
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Glomerular filtrate has the same ratio"0f " Witer
and solute particles as blood; its osmolarity is
about 300 mOsm/liter.
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Fluid leaving the proximal convoluted tubule is

still isotonic to plasma.
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en dilute urine is being formed, the osmolarity

of the fluid in the tubular lumen increases as it
flows down the descending limb of the nephron
loop, decreases as it flows up the ascending limb,
and decreases still more as it flows through the
rest of the nephron and collecting duct.

 Loie
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Figure 26.18 Formation of dilute urine. Numbers indicate
osmolarity in milliosmoles per liter (mOsm/liter). Heavy brown
lines in the ascending limb of the nephron loop and in the distal
convoluted wbale indicate impermeability to water; heavy blue
lines indscate the last part of the distal convoluted tubule and the

collecting duct, which are impermeable to water in the absence of FO RMATI O N O F D I LUTE U RI N E

ADH; light blue arcas around the nephron represent interstitial Musd

@~ When the ADH level is low, urine is dilute and has an
osmolarity less than the osmolarity of blood
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e 9) e more and more water is reabsorbed by osmosis as
%’;’;ui':.'“:.',a\\ ~ tubular fluid flows along the descending limb
—————— 0 ) o B i toward the tip of the nephron loop.
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2. Cells lining the thick ascending limb of the loop

1\ ) P have symporters that actively reabsorb sodium,
ronal . . .
| o | meduta potassium, and chloride ions from the tubular
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Figure 26.18 Formation of dilute urine. Numbers indicate
osmolarity in milliosmoles per liter (mOsm/liter). Heavy brown

lines in the ascending limb of the nephron loop and in the distal
convoluted wbule indicate impermeability o water; heavy blue

lines indscate the last part of the distal convoluted tubule and the
collecting duct, which are impermeable to water in the absence of FO RMA I IO N O F DI l ’ I E l l RI N E
ADH; light blue arcas around the nephron represent interstitial fuid

@~ When the ADH level is low, urine is dilute and has an

e 2. The ions pass from the tubular fluid into thick
— st ascending limb cells, then into interstitial fluid,
i ) osmconoises [ | and finally some diffgsg into the blood inside the

/ L3 A S vasa recta. 5 daclall GLLYT A e gﬂmq:ulyg,uﬁw,a
Sh_— » ..u.(,",, Skl Lol Jala aull o8 Gl yamy Lualy ol Jited! o)
E%u’i":.'“:.i,o\\:m = 3. Although solutes are being reabsorbed in the thick
______ ZE B o B ascending limb, the water permeability of this
! | portion of the nephron is always quite low, so
1T I I water cannot follow by osmosis. As solutes—but
ISRV || s not water molecules—are leaving the tubular
| o | meduta fluid, its osmolarity drops to about 150
- | ., 1 Peoten mOsm/liter. The fluid entering the distal
ephusa oop convoluted tubule is thus more dilute than

T e plasma.




Figure 26.18 Formation of dilute urine. Numbers indicate
osmolarity in milliosmoles per liter (mOsm/liter). Heavy brown

lines in the ascending limb of the nephron loop and in the distal

convoluted wbule indicate impermeability o water; heavy blue

lines indscate the last part of the distal convoluted tubule and the

collecting duct, which are impermeable to water in the absence of

ADH; light blue arcas around the nephron represent interstitial Musd

@ When the ADH level is low, urine is dilute and has an
osmolarity less than the osmolarity of blood
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FORMATION OF DILUTE URINE
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Wh11e the fluid continues floj;vmg along the distal

convoluted tubule, additional solutes but only a few
water molecules are reabsorbed. The early distal
convoluted tubule cells are not very permeable to water
and are not regulated by ADH.

Finally, the principal cells of the late distal convoluted
tubules and collecting ducts are impermeable to water
when the ADH level is very low. Thus, tubular fluid
becomes progressively more dilute as it flows onward.
By the time the tubular fluid drains into the renal
pelvis, its concentration can be as low as 65-70
mQOsm/liter. This is four times more dilute than blood
plasma or glomerular filtrate.
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FORMATION OF CONCENTRATED URINE
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o When water intake is low or water loss is high (such as during
heavy sweating), the kidneys must conserve water while still
eliminating wastes and excess ions. Under the influence of ADH,
the kidneys produce a small volume of highly concentrated urine.

/MOSM 1200 5a) Slye s LS5 ST sl s o oS
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o Urine can be four times more concentrated (up to 1200 mOsm/

liter) than blood plasma or glomerular filtrate (300 mOsm/liter).

reabsorption 25 zlsx




Mechanism of urine concentration in
long-loop Juxtﬁedullary nephrons
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FORMATION OF CONCENTRATED URINE

(SIS & Ll IS Ll 3 ST Slsk e onid LS 05 a9y oo ety SO Jgall 518) o8 qasaiill ole ADH 3,3
The ability of ADH to cause excretion of concentrated urine
depends on the presence of an osmotic gradient of solutes in
the interstitial finid of the renal medulla. oy i s st st st

Gl Ll ol S8 (e IS DA 0 JiLel) uSUall 361 (2); - csanll 1y bl gsl] Sl 50 i
Two main factors contribute to building and maintaining this
osmotic gradient: (1) differences in solute and water permeability
and reabsorption in different sections of the long nephron loops
and the collecting ducts, and (2) the countercurrent flow of fluid

through tube-shaped structures in the renal medulla.




FORMATION OF CONCENTRATED URINE

* Countercurrent flow refers to the flow of fluid in opposite
directions. This occurs when fluid flowing in one tube runs
counter (opposite) to fluid flowing in a nearby parallel tube.
Examples of countercurrent flow include the flow of tubular fluid
through the descending and ascending limbs of the nephron loop
and the flow of blood through the ascending and descending
parts of the vasa recta.
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FORMATION OF CONCENTRATED URINE

Since countercurrent flow through the descending and
ascending limbs of the long nephron loop establishes the
osmotic gradient in the renal medulla, the long nephron loop is
said to function as a countercurrent multiplier. The kidneys use

this osmotic gradient to excrete concentrated urine.
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FORMATION OF CONCENTRATED URINE

renal medulla.

A Tl IS ek oo ST ol €] me
d Production of concentrated urine by the kidneys occurs in the
following way:
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1. Symporters in thick ascending limb cells of the nephron loop
cause a buildup of Na and Cl ions in the renal medulla (water is
not reabsorbed in this segment).
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2. Countercurrent flow through the descending and ascending
limbs of the nephron loop establishes an osmotic gradient in the
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FORMATION OF CONCENTRATED URINE

2.
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Countercurrent flow: Since tubular fluid constantly move$from
the descending limb to the thick ascending limb of the nephron
loop, the thick ascending limb is constantly reabsorbing Na and
Cl ions. Consequently, the reabsorbed Na and Cl ions become
increasingly concentrated in the interstitial fluid of the
medulla, which results in the formation of an osmotic gradient.




FORMATION OF CONCENTRATED URINE
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“*The descending limb of the nephron loop is very permeable to
water but impermeable to solutes except urea.

“*Because the osmolarity of the interstitial fluid outside the
descending limb is higher than the tubular fluid within it, water

moves out of the descending limb via osmosis.
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FORMATION OF CONCENTRATED URINE
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“*The ascending limb of the loop is impermeable to water, but its
symporters reabsorb Na and Cl ions from the tubular fluid into
the interstitial fluid of the renal medulla, so the osmolarity of
the tubular fluid progressively decreases as it flows through the
ascending limb. Overall, tubular fluid becomes progressively
more concentrated as it flows along the descending limb and
progressively more dilute as it moves along the ascending limb.




FORMATION OF CONCENTRATED URINE

. Cells in the collecting ducts reabsorb more water and urea.
When ADH increases the water permeability of the principal cells,
water quickly moves via osmosis out of the collecting duct
tubular fluid, into the interstitial fluid of the inner medulla, and

then into the vasa recta. e e oy 1 st i o] 5ot Lo
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FORMATION OF CONCENTRATED URINE
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Urea recycling causes a buildup of urea in the renal medulla.
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As urea accumulates in the interstitial fluid, some of it diffuses into the
tubular fluid in the descending and thin ascending limbs of the long

nephron loops, which also are permeable to urea.
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However, while the fluid flows through the thick ascending limb, distal
convoluted tubule, and cortical portion of the collecting duct, urea remains
in the lumen because cells in these segments are impermeable to it.
. 39250 ADH ¥ cealiil] yae cU Galialial Bule) jaicass c@aaadll ofsid Job (ode Jildl 3aui .
As fluid flows along the collec 1161% ducts, water rea sorpti?;n continues via
osmosis because ADH is present.




Figure 26.20 Summary of filtration, reabsorption, and secretion in the nephron and collecting duct.

Filtration occurs in the renal corpuscle; reabsorption occurs all along the renal tubule and collecting ducts.

PROXIMAL CONVOLUTED TUBULE

Reabsorption (into blood) of filtered:

Water 65% (osmosis)

Na* 65% (sodium—potassium
pumps, symporters,
antiporters)

K* 65% (diffusion)

Glucose 100% (symporters and

facilitated diffusion)

Amino acids 100% (symporters and
facilitated diffusion)

CI 50% (diffusion)

HCO;™ 80-90% (facilitated
diffusion)

Urea 50% (diffusion)

Ca®, Mg* variable (diffusion)

Secretion (into urine) of:

H* variable (antiporters)

NH,* variable, increases in
acidosis (antiporters)

Urea variable (diffusion)

Creatinine  small amount

At end of PCT, tubular fluid is still
isotonic to blood (300 mOsm/liter).

RENAL CORPUSCLE

Glomerular filtration rate:
105-125 mL/min of fluid that is
isotonic to blood

Filtered substances: water and all
solutes present in blood (except
proteins) including ions, glucose,
amino acids, creatinine, uric acid

EARLY DISTAL CONVOLUTED TUBULE

Reabsorption (into blood) of:

Water 10-15% (osmosis)
Na* 5% (symporters)

cr 5% (symporters)

Ca* variable (stimulated by

parathyroid hormone)

LATE DISTAL CONVOLUTED TUBULE
AND COLLECTING DUCT
Reabsorption (into blood) of:

Water 5-9% (insertion of water
channels stimulated by
ADH)

Na* 1-4% (sodium-potassium
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LOOP OF HENLE

Reabsorption (into blood) of:

Water
Na*
K*
cr

HCO;™

15% (osmosis in
descending limb)
20-30% (symporters in
ascending limb)
20-30% (symporters in
ascending limb)

35% (symporters in
ascending limb)

10-20% (facilitated
diffusion)

Ca*, Mg*  variable (diffusion)

Secretion (into urine) of:

Urea

variable (recycling from
collecting duct)

At end of loop of Henle, tubular fluid is
hypotonic (100-150 mOsm/liter).

Na*

HCO,”

Urea

ADH)

1-4% (sodium-potassium
pumps and sodium
channels stimulated by
aldosterone)

variable amount, depends
on H* secretion (antiporters)

variable (recycling to loop
of Henle)

Secretion (into urine) of:

K‘

Hf

variable amount to
adjust for dietary intake
(leakage channels)

variable amounts to
maintain acid-base
homeostasis (H* pumps)

Tubular fluid leaving the collecting duct
is dilute when ADH level is low and
concentrated when ADH level is high.
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TABLE 26.5

Characteristics of Normal Urine

CHARACTERISTIC

Volume

Color

Turbidity

Odor

PH

Specific gr,
n

%

s

ity

Y/

DESCRIPTION

One to two liters in 24 hours: varies considerably.

Yellow or amber: varies with urine concentration
and diet. Color due to urochrome (pigment
produced from breakdown of bile) and urobilin
(from breakdown of hemoglobin). Concentrated
urine is darker in color. Color affected by diet
(reddish from beets). medications. and certain
diseases. Kidney stones may produce blood in
urine.

Transparent when freshly voided: becomes turbid

(cloudy) on standing. LJ\AM UJS-\ e‘)y

Mildly aromatic: becomes ammonia-like on
standing. Some people inherit ability to form
methylmercaptan from digested asparagus. which
gives characteristic odor. Urine of diabetics has
fruity odor due to presence of ketone bodies.

Ranges between 4.6 and 8.0: average 6.0;
varies considerably with diet. High-protein
diets increase acidity: vegetarian diets increase
alkalinity.

specific gravity.
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TABLE 26.6

Summary of Abnormal Constituents in Urine

ABNORMAL CONSTITUENT

Albumin

Glucose

Red blood cells (erythrocytes)

Ketone bodies

COMMENTS

Normal constituent of plasma: usually appears in only very small amounts in urine because it is too large to pass
through capillary fenestrations. Presence of excessive albumin in urine—albuminuria (al’-bg-mi-NOO-rg-a)—
indicates increase in permeability of filtration membranes due to injury or disease, increased blood pressure, or
irritation of kidney cells by substances such as bacterial toxins, ether, or heavy metals.

Presence of glucose in urine—glucosuria (gloo-ko-SOO-ré-a)—usually indicates diabetes mellitus.
Occasionally caused by stress, which can cause excessive epinephrine secretion. Epinephrine stimulates
breakdown of glycogen and liberation of glucose from liver.

Presence of red blood cells in urine—hematuria (hém-a-TOO-r&-a)—generally indicates pathological condition.

One cause is acute inflammation of urinary organs due to disease or irritation from kidney stones. Other causes:
tumors, trauma, Kidney disease, contamination of sample by menstrual blood.

High levels of ketone bodies in urine—Kketonuria (k&é-t0-NOO-r&-a)—may indicate diabetes mellitus, anorexia,
starvation, or too little carbohydrate in diet.

Glucose allay (San (add] e yigi (<13
Jsdl A



TABLE 26.6

Summary of Abnormal Constituents in Urine

ABNORMAL CONSTITUENT COMMENTS

Bilirubin When red blood cells are destroyed by macrophages, the globin portion of hemoglobin is split off and heme is
converted to biliverdin. Most biliverdin is converted to bilirubin, which gives bile its major pigmentation. Above-
normal level of bilirubin in urine is called bilirubinuria (bil’-&-roo-bi-NOO-r&-a).

Urobilinogen Presence of urobilinogen (breakdown product of hemoglobin) in urine is called urobilinogenuria (0'-r0-bi-lin’-
i j_d\ aﬂﬂ “ ] S\ 0-je-NOQO-re-a). Trace amounts are normal, but elevated urobilinogen may be due to hemolytic or pernicious
-7 = anemia, infectious hepatitis, biliary obstruction, jaundice, cirrhosis, congestive heart failure, or infectious
mononucleosis.
Casts Casts are tiny masses of material that have hardened and assumed shape of lumen of tubule in which they

formed, from which they are flushed when filtrate builds up behind them. Casts are named after cells or
substances that compose them or based on appearance (for example, white blood cell casts, red blood cell casts,
and epithelial cell casts that contain cells from walls of tubules).

Microbes Number and type of bacteria vary with specific uripary tract infections. One € most ¢ on is Leroli.
t:i)‘sl/comﬁon fut}g(U&Je‘ﬁsl Candida albicans, cause of vaginjtis—¥0st frequen ozoan jsrichomonas
/_ / saginalis, cause of vaginitis in fe s7and urethritis in males.



EVALUATION OF KIDNEY FUNCTION:
2- BLOOD TESTS
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“*Two blood-screening tests can provide information about
kidney function:-

1. Blood urea nitrogen (BUN) test. BUN) pall 3 Lasdl Crmg it S8
2. Plasma creatinine. 4ic <, Ll crisl 1.2




BLOOD UREA NITROGEN (BUN) TEST

T AT UL 2 oo Ol Lol x5 s G 1l g o
It measures the blood nitrogen that is part of the urea resulting

from catabolism and deamination of amino acids.

;\_u)ja i Sany 08 LS By oS il Juss (2885 Lesiesd
. . . i sy BUN iy ol elllad) slacs! of (ISH a0 2o
“* When glomerular filtration rate decreases severely, as may occur

with renal disease or obstruction of the urinary tract, BUN rises
steeply.

. Sl o A1 350 Dle (0 Slaniliund| gun] Jiaki

** Lopsall 5 Jusme Jalis (0L cin ! Sl

“*One strategy in treating such patients is to minimize their
protein intake, thereby reducing the rate of urea production.




PLASMA CREATININE

e pobsall Sl o LS Sl (sl e il

It results from catabolism of creatine phosphate in skeletal
muscle. Qi 51 AY) oS LS (L S LS
03051 3k ol 0 s SI S10 ne Y G pall (o il I g s olet
- - . RIV-VI
“» Normally, the blood creatinine level remains steady because the
rate of creatinine excretion in the urine equals its discharge from
muscle.
(I ity Girid gle 3o 56 Lo Bule (531 / Jgasle 135) jiliuwss / adle 1.5 sé cpiiily SIF gsioue
“* A creatinine level above 1.5 mg/dL (135 mmol/liter) usually is an
indication of poor renal function.




RENAL PLASMA CLEARANCE

;\ .J
“*Renal plasma clearance is the volume of blooci hat is ”cieaned
or cleared of a substance per unit of time, usually expressed in
units of milliliters per minute.

slay Lalad e yin 555 Lo Bule 3sSoladl A5) J1 o JBL Jases ole . Jlad 5 3158) o) Ladanl] A1 Hused
LY ole 3sSslall 3od ¥ eelldl dnliaial

“*Low clearance indicates inefficient excretion. For example, the
clearance of glucose normally is zero because it is completely
reabsorbed; therefore, glucose is not excreted at all.




RENAL PLASMA CLEARANCE
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“*Knowing a drug’s clearance is essential for determining the
correct dosage. If clearance is high (one example is penicillin),
then the dosage must also be high, and the drug must be given
several times a day to maintain an adequate therapeutic level in
the blood. el sall 3 i

The following equation is used to calculate ClearV = rine
.y u
G st () 58 v
Renal plasma clearance of substance S = ( ' > !
. where U and P are the concentrations of the substance in urine ' e D 8 el oall vy
. . [
V: “\-’-‘S (-*S urine output and plasma, respectively (both expressed in the same units, such 7= C’ﬁ 5 )
as mg/mL), and V is the urine flow rate in mL/min.




RENAL PLASMA CLEARANCE

“*The clearance of a solute depends on the three basic processes of

a nephron:
st J o Lualead | lilaall (gle I U] adiaie

1. Glomerular filtration. oSl il 1

2. Tubular reabsorption.
3. Tubular secretion. i wusdl 5yl 3
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Summary of Urinary System Organs

STRUCTURE

Kidneys

Ureters

Urinary bladder

Urethra

LOCATION

Posterior abdomen between last thoracic
and third lumbar vertebrae posterior to
peritoneum (retroperitoneal). Lie against
ribs 11 and 12.

Posterior to peritoneum (retroperitoneal):
descend from Kidney to urinary bladder
along anterior surface of psoas major
muscle and cross back of pelvis to reach
inferoposterior surface of urinary bladder
anterior to sacrum.

In pelvic cavity anterior to sacrum and
rectum in males and sacrum, rectum, and
vagina in females and posterior to pubis in
both sexes. In males, superior surface covered
with parietal peritoneum; in females, uterus
covers superior aspect.

Exits urinary bladder in both sexes. In
females, runs through perineal floor of pelvis
to exit between labia minora. In males, passes
through prostate, then perineal floor of pelvis,
and then penis to exit at its tip.

DESCRIPTION

Solid, reddish, bean-shaped organs.
Interhal structure: three tubular systems
(arterie§, veins, urinary tubes).

Thick, muscular walled tubes with three
structural layers: mucosa of transitional
epithelium, muscularis with circular

and longitudinal layers of smooth muscle,
adventitia of areolar connective tissue.

Hollow, distensible, muscular organ with
variable shape depending on how much
urine it contains. Three basic layers: inner
mucosa of transitional epithelium, middle
smooth muscle coat (detrusor muscle),
outer adventitia or serosa over superior
aspect in males.

Thin-walled tubes with three structural
layers: inner mucosa that consists of
transitional, stratified columnar, and
stratified squamous epithelium; thin
middle layer of circular smooth muscle;
thin connective tissue exterior.

TABLE 26.7

FUNQ‘YSN

Regulate blood volume and composition,
help regulate blood pressure, synthesize
glucose, release erythropoietin,
participate in vitamin D synthesis,
excrete wastes in urine.

Transport tubes that move urine from
Kidneys to urinary bladder.

Storage organ that temporarily stores
urine until convenient to discharge from
body.

Drainage tube that transports stored urine
from body.
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