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Uddniferous Tuhules

The kidney is composed of large numbers of micro-
scopic units called uriniferons tubules. Each tubule is
composed of two functional regions, the nephron,
which produces an excretion known as urine, and

the collecting tubnle, which concentrates the urine
and conveys it to the calyces (Fig. 13-3).

Nephron

There are over a million nephrons in one kidney.
Each consists of four distinct parts: (1) the renal
corpuscle, which contains the glomerulus, (2) the
proximal convoluted tubule, (3) the loop of Henle,
and (4) the dista} convoluted tubule (see Fig. 13-3).
The parts of the nephron form a continuous tubule
that measures about 50 mm in length and runs from

the cortex to the medulla and then returns to the
Corfex o ]
RENAL CORPUSCLE. The renal corpuscle is situated in

the cortex. It is formed by the upper end of the

uriniferous rubule, which is expanded into a struc- . |

wure called a Bowman's capszde (Figs. 13-4—13-7; see
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Fig. 13-3). The renal corpuscle contains the giomer-
ulus, which is a network of capillaries into which
blood enters by an afferent arteriole and leaves
through a smaller efferent arteriole.

'The glomerulus indents the wall of the Bowman's
capsule as 2 fist might press into the side of a balloon
(Fig. 13-8). The epichelial cells that form the wall of
the Bowman’s capsule also serve as a covering for
the glomerulus. The renal corpuscle thus consists
of the Bowman’s capsule and the glomerulus (see
Figs. 13-4—13-7).

The outer wall of the Bowman's capsule is lined
with simple squammous epithelium that abrupdy :

changes into cuboidal epithelium at the start of the |

proximal convoluted tubule. Where the capsular

wall is reflected onto the glomerulus, the squamous

cells change into star-shaped cells with multiple
i processes. These cells, called podocym*, |
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Fig. 16.8 Development of the renal corpuscle

“This diagram illustrates in a highly schematic manner the

made of development of the renal corpuscle. The 1_1cphrogsd
develop {rom the embryelogical metanephros as blind-ende;

wbules consisting of a single layer of cuboidal epithefium.

The ends of the tubules dilate and become invaginated by a

tiny mass of tissue which differentiates to form the

glomerulos. The fayer of invaginated epjthelium flatens z:;utjo
dilferentiatgs into podocytes which became closely aEEhe

the surface of the E\ot of glomerular capillarics. The

Intervening connective tissue disappears so t_hat :l;ie 4
basement membrane of glomerular endothelial celis an

Primary process
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Dbrimary processes thar tightly clasp the glomerular
capillaries (Figs. 13-9 and 13-10). From the Primary
brocesses, smaller secondary Proceises arise thar inter-
digitate with the secondary processes of other po-
docyres. This arrangement leaves small slitlike gaps
between the processes that measure about 253 nm

across and are called s/iz pores (Fig. 13-11). The sec-
ondary processes end in Jeet thar are applied firmly
to the basement membrane of the capillary wall of
the glomerulus. Extending across the slit pores be-
tween adjacent feet is a thin /s diapbragm abour 6
nm thick (Fig. 13-12),

The blood in the glomerular capillaries is sepa-
tated from the cavity of the Bowman's capsule by:
(1) the fenescrated endothelial cells lining the capil-
laries (Fig. 13-13), (2) a thick basement membrane
(Fig. 13-14), and (3) the slit pores of the podocytes. ‘
Together these Structures aré known as the filtration |
barrier (see Fig. 13-11). The holes, or fenestrae, in :
e . . 1
the endothelial cells permir the passage of plasma |
but hold back the cells of the blood. The smaller
molecules of the plasma readily pass through the :

Capillary of glomerylyg

podocytes effectively {use forming the glum;rular bésc?:lr;lss
membrane. A small amount of connective tissue ?e\:erf e
remains to support the capillary loops an}i diffefcn:aus
form the mesangium. Where the mesangium stretc els- 4
between the capillary loops, its surface is directly mui::;znc
hy podocyte cytoplasm with podocy_ic_ basemen(hi:ne?) m
lying between the two. W_hen_exammmg ult(rja-[l lr[:r 15
microscope specimens as in Figure 16.141 and & ccdolheha’

icrographs as in Figure 16 14, the podocytcs, endoth: :
211:;15 and mesangium are identified most easily by }racmg au
the podocyte and endothelial cell basement membranes.

Urmary space

Sk diaphiragrm

Foor of
secondary process

Fenestrared
endochelial celf

basement membrane and the siir diaphragm of the
podocytes to enter the cavity of the Bowman’s cap-
sule. Particles with a molecular weight greater than
160,000 are held back by the slit diaphragm. The
plasma protein albumin, which has a molecular
weight of 69,000, would be expected to pass
through withour difficulry. We know, however, that
in a normal individual, it does not. The probable
explanation is that the fitration mechanism is
blocked by proteins with larger molecules and that
the electric chatge on the filrer repels the albumin
molecules. The fluid thar tinally crosses the ileration
barrier and enters the capsular space is called the
glomerular filtrate.

Lying between the glomerular capillaries are small
roups of star-shaped cells that are!.contractiie‘and
m These cells are called mes-£
angial cells (see Fig. 13-3) and support the capillary
walls by producing intercelluiar substance. They are
also thought to remove by phagocyrosis any mac-

romolecules that escape from the capillaries into the
tissue space.
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Function of the Renai Corpuscle. The raze of blood
flow through bodh kidaeys is abour 1,200 ml per
mimute, or about 23 percent of the cardiac ougput,
The blood enters the glomerali under high pressure,
and fluid is driven through the filter into the Bow-
man’s capsule (see Fig. 13-3). The fenestrated capil-
laries of the glomeruli form che m the
basernent membrane, the shit diaphragm, and the slic
pores of the podocytes form the (ulrrgﬁltej The

glomerular {filtrate differs from the plasma in that it

has almost no proteins. In 24 hours, both kidneys
produce about 180 L of glomerular filerate; abour 99
percent of rhe filtrate is reabsorbed by the relnal
tubuies, and only 1 percent will be excreted as urine
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Figure 19.7 The vascular structure of the kidneys. {g) An illustration of the ‘
major arterial supply and (b) a scanning electron micrograph of the
glomeruli. )
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Figure 19.8 A simplified illusiration of blood flow from a glomerulus to an
efferent arteriole, te the peritubular capillaries, to the vencus drainage of
the kidneys
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Figure 5 Compariscn of the bifood supplies of outer cortical and juxtémedul ary neph-
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Renal terminology is imprecise amd confusing.
tural unit of a kidney is a lohule.

core of collecting tubules —gthe medullary ray of the

surrounded by & sleeve of nephrons dAraining into theseg
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tubules. There is no line of demarcalion betwecn lobules.
As the medullary rays approach the renal sinus, space | between
them gets dess, there is mno further space tor the sleeve of
nephrons and cortex changes to medulla, The merging of the
medul lary rays form the pyramids and the pyramids in turn |
-met'ge to form the prominent papillae. The nephrons near the
. surface heve short loops of Henle and are reflerred to) as
*Cortical nephrons. Those nephrons ]_-y:i.,ng ‘deeply. at the
bottom of the tephron sleeve are near the medulla, have :
long loops of Henle and are referred to ZiS¥JuXta-llledlll1,?1!"_\] (LD
nephrons. the short loops of the Cortical nephrons do not reach ‘

intc the medulla.

run into the medulla parallel io the collecting ducts and in

association with the vasa recta.,(‘ \A{>(1no)

The long loops of the juxta-medullary nephrong ;
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Diagrammatic
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Tubular

Reabsorption
(% reabsorbed)

Water
99%

Sodium
99 5%

Glucose
100%

Urea
44% B

Urine Excreted

.Secretion

Glomerulus

Filtrate

Water
- 180 liters/day

Sodium
630 grams/day

" :Glucose
180 grams/day

- Urea
54 grams/day

e

Reabsorption

Water
1.8 liters/day

Sodium
3.2 grams/day

Glucose
0 grams/day

Urea
30 grams/day

Peritubutar
Capillaries




NET FILTRATION Pnessune | Jlﬂ

BCOP =

GLOMERULUS
GLOMERULAR CAPSULE

Parietal Layer

Visceral Layer

Capsular Space

Forces Favoring Filtration :
GBHP =45 mm Hg

Forces Opposing Filtration :

CHP = }]® mm Hg
BCOP = #§ mm Hg

BCOP (Blood Colloid Osmotic Pressure) Aroximal
is due to the presence of protein C "OXIIm::l g
in the plasma (the glomerulus) anvolute

but not in the filtrate (glomerular space). Tubute
= 2




FIGURE 6-11. Lifcets of con-
striciing afferent (A) and effercat
(1)) arterioles on rennl plasina
flow (RPF) and glomerular fll-
trallen rate (GFR). V., bydro-
statlc pressure in the glomerular
capillary.

A Constrictlon of alteront nrtariole ——# + APF: + GFR

Allaranl
arnerole

B Constriction of eiferont artericlo ——» ¥+ RPF; t GFR

Afferent
arteriole

7

in

[ferent
areriole

——— o —

TABLE 6-5. Effect of Changes in Starling Forces
on RPF, GFR, and the Filtration Fraction

Filtrantion
Fraction
Eflect RPT GFR (GFR/RPF)
Constriction of allerent 1 I N.C.
arterlole
Constriction ol elferent 1 1 1
arleriole
{ncreased plasma prolein N.C. 4 {
concentration
Decreased plasma N.C. T 1
protein concentralion
Constriction of the ureter NC. l ]

GFN, glomerular filtration rate; N.C., no change; RPF renal
plasma flow.
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Fig. 13-0. Photomicrograph of the cortex of the kidney. show
ing several glomeruli and proximal and disizl convoluted
tubrudes. Note @ 1macila densa (arvor). (HEE,; x 100.)
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FIGURE 32-20 Schematic representation of transport path-
ealized proximal tubule. ATP, Adenosine tri-
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FIGURE 32.22 Schematic representation of the proximal
tubule. For the Na’-X co-transport protein, X represents
either glucose, amino acids, phosphate, chloride, or lactate,
CO; and H;0 combine inside the cells to forrn H™ and HCO,
in a reaction facilitated by the enzyme carbonic anhydrase
(CA). ATP, Adenosine triphosphate.
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~ T The second phase of proximal tubular reabsorpition |

§ a 1 Involves the reabsorption of [Na ' with Cl © in the seco-
{ oned hall of Lthe proximal tubule. This occurs because

i j ‘ : in the first hall of the proximal tubule, Na®' is reab-

§ b cﬂ..-’cvl'é;c‘g:i;:m“d sorbed with bicarbonate as the primary accompany
j _ Mg o FO. glco, g amon, leaving behind a solution that becoinoes
b leosmotlc - enriched in C17. The rise in[Cl” concentralion in:the
; tuibular fluid creates a gradi ient that favors the diftu
i . sion of Cl - from the tubula lumon _across Lhe ngh
? junctions and inlo the htnral intercellular ﬂ;pac e
Moveinent of the negatively charged chloride fons
; atiracts the poafﬁ'\}ely charg %1 é_a'urh“Ttiﬁ'E"Tlanq i
i the second half of the proxnnal ‘tubule, some Na ' and

¢l are reabsorbed across the tight junctions by pas

NGURE 32-21  Schematic representation of a cell in the swve diffusion.

[stgmal tubilehand the primary transport characteristics. sodiurn and chioride reabsorption by the second

Tebular fluid is isosmotic. tiail of the proximal tubule also occurs by a transcel-
H7) secretion, via the Na'-H' antiporter, results in lular route. The pathway fof Na' and Cl- transpotl.
wearbonate reabsorption (Figure 32-22; see Chapler aci0ss the apical membrang s unknown

3 The Na™ that enters the cell across the apical
=embrane leaves the cell across the hasolateral mem-
rane via the Na* K'-ATPase The other solutes that
:mer the cell with Na' exit across the basolateral
wembrane down their electrochemical gradients.
The reabsorption of Na*' and the other solutes just
described increases the osmolalily of the lateral inter-
-dllular space. Because the lateral intercellular space
T5 siightly hyperosmotic (~3 mOsm/kg H.O) with
sspect Lo tubular [ud, and because the proximal
sbule is highly permeable Lo water, water will [low by
smosis across both Lthe ught junctions and the prox-

iral tubular cells intgo this hyperosmaotic compatl
ment (Figure 32-22) Accurmnutation of fiwd withnn the
lateral 1mercellular space increases the hydrostalic
pressure in this compartment and thereby dnves flud
into the capillanes Thus water reabsorption fol-
lows solute transport. The reabsorbed fhid s
essentially jsosmotic to plasma *

Organics Na* CI

Tubular fluid | ] ) Blood

|
NaCl *
H,0 ﬁ I

Orgamcs Na+ CI'

—_— -

Na* >
Organics = o

298m0sm/kg H,O

S S S e

junction 302 mOsm/kg H,O

— . o ‘ W

FIGURE 36-5 Routes of water reabsorption across the proximal tubule. Transport of Na™,
Cl, and organic solutes into the lateral intereellular space increases the osmolality of this
compartment, which establishes the driving force for osmotic wilter reabsorption across the
proxinmal tubule, An important L()nscqunnu: of osmotic water flow across the proximal tu-
bule is that some solutes, especially K¥, Ca™ " and Mgt ™ 2re entrained in the reabsorbed
(luid and are thereby reabsoched by the process of solvent drag. '
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EARLY PROXIMAL TUBULE
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Cell of the early proximal tubule

T
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FIGURE 6-~18. Cellular mechanisms of Na*+ reabsorption in the early proximal tubule. The transéplthe]iql pol
difference between the potential in {ne lumen and the potential In blood, —4 mV. ATP, adenosine triphosphate.

Cell of the late proximal tubule

ential difference s the

ISOSMOTIE REABSCRPTION

LATE PROXIMAL Tl.!BULE
Blood | 1umen  Cells of.;r'u‘arp::_'o_ Imaj tubule Paﬂtubt:far

o . * FIGURE 6-20. Mechanlsm of olic reabsorption i
. proximal tubule, Dashed arrows jhow the pathways for
sorption; circled numbers corfespond to the text. ., peritul
caplllary collald osmotic pres§ure. ' ‘
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tical 1o that of hlood, 300 mOsm/L, because watar UJ;'?ﬂnb e U AR dﬂz'lbu
and small solutes are freely RAltered. The osmolarity
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The thin limb of tha Locp of Henle |
(_Sc;mtnt) |
The terminal siraight portion of the PCT suddenly changes to he descending thin 1imb.
With the light microscope, it is usually difficult to distinguish thdfdifferenca batween
I ihin limbs ond blood caoplilarics, even when they are side by side,w\@iff
&WQ contain red calls. When empty, the cytoplasm of the capillpries is slightly thinner
thon that of Yha cells lining the thin limbs, while the nuclei the thin limb cqlls are
slightly more prominent in that they bulge into tha lumen, The difference is quite
markad on examination with the EM, since the cytoplasm of tha cells of the thin limb
not only have microvilli on their surfaces, but are at least tyice as thick os those of
tha copiliaries. The fclei)oppaar olmostdniformlv roundlri‘nile those of the :
o ~ capiliaries ore usually oval or irregular in shope. i
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The loop of Henle reabsorbs ap-

"ﬁ}oximﬂ[elyof the filtered water,

however, occursfexclusively in the descending thin limbh.
2 N

This reabsorption,

- —’@J_ ascending 1imb is inpermeable to u'nref;‘;iﬁ-f
) ' Z 7K 7z N
1 {
Tubular fluid Blood

J

_

JuL

q

FIGURE 36-7 Transport mcch:ujisms for NaCl reabsorption in the thick ascending limb of
he lumen positive wransepithelial vol@rcsultq trom the diffusion of K* from
the cell into the gubular fluid, and plays a major role in driving passive paracellular reabsorp-
MMW—._

Henle's loop.

tion of cations.

The key clement in solute reabsorption by the thick
1iscending limb is the Na™-K™-ATPase pump in the baso-
atcral membrane (Figure 36-7). As with reabsorption in

he proximal tubule, the reabsorprion of every solute by

he thick ascending limb js linked ro the Na "-K1-ATPase

>ump. The opc:rluon of the Na*-K*-ATPase puni Mitin-
R L

ains a fow cell [Na*t]. This low [Na* ] provides a favor-
ble chemical grudient for the movement of Na* from
he tubular fluid into the cell. The movement of Na*
cross the apical mémbrane into the cell is mediated by
he lN.l -2C17-1K " symporter, which couples the move-
nent of 1Na* with 2CI~ and 1K*. This symport protein
ses the potential energy released by the downhill niove-
1ent of Na™ uand €1~ to drive the uphill movement of
7T into the cell. ﬁn Na'-H* 'mtlportt:er the apical cell
1wembrane also mediates Na™* reabsorption as well as H™
ecretion (HCO;~
mb (Figure 36-7). Na* leaves the cell across the baso-
iteral membrane via the Na¥-K"-ATPase pump, and K*
I”, and HCO,  leave the cell_across the basolateral
iembrne by senarire anthorys

&

re.lbsorpuon) in the thick ascending

- 1kt
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Paracellular
diffusion

\
1
i .

The voltage across the t.fhicf ascending limb is posi-
tive in the tubalar fluid refative to the blood because of
the unique location of trm:.pc)rr proteins in the: .lplul
and basolateral membrines, Tbv important poiusito }d'c-
ognize are that increased salt transport by the thick qs-
cending lhnbh increases [/Jd:‘ magnitide of the positipe
voltage i the lumen, and that this voltage Is an ini-

portant driving force for :{be reabsorption of several
cations, including Na*, K¥, Cal* ", and Mg ¥, across the

Penacellutan f’d-éﬂwﬁj

Because the thick'nsccndiug
T0 water, reabsorption of NaCl
the osmoluli
H,O. —

limb is very impermnealile

and other solutes reduces

of tubular flyid o less than 150 mOsm kg
RO S,
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LATE DISTAL TUBULE AND COLLECTING DUCT }
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mV ATP ade

-23. Cellular mecha-
nism of Na~ |reabsorption in the
early distal tubule. The transepi-
{l-lal difference 15 — 11
osine triphosphate

|
i . : :
J of Hewule in cross section.

v erboidal epithelial cells,

13-18. Phatomicrograph of the medulla of the }%idmjw,
g ;z.fmzw-o.wfm/!ef_tz}nﬁ ;?;23272} and thin segments of the

be collecting tubules are lined
and the thin segmentsiof the

of Henle are lined with ﬁattenm’ cells. (HEE; % 200.)
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Thin ascending Collecting . . Jl . .

limb ducl Mechanism of formation ol conce tirated urine acc:ordmg| te

the two-solute hypothesis. |
© Interstitial @ A Overall view of the loop of Hehle, distal wbule and do!_
Huid lecting duct: The osmolarity of thel interstitial fluid at dlfﬂer-
ent levels of the medulla is shown on the scale a1 the ieft.
The tubular fluid leaving the proximal tubule is isolonic. JAs
the tubular fluid travels through the descending lireb of the:
loop of Henle, water leaves the descending limb, drawn by
the increasing osmaotic pressure of ipterstidal fluid in the nje-
dulla. As a result, the wbular fuil in the descending liml
NaCl \ / Urea becomes progressively more concentrated. As the tuhular
\L lluid passes through the thin ascending timb, NacCl, but not:
/ water, diffuses out, so that the esmatic pressure of lnrersmllal
A fluid dessssees. In the thick ascend‘mg limb, more sali is rL ‘
moved by active reabsorption. The fubular fluid entering the
distal tubule is more dilute than plasma with respect [to
NaCl, while urea has been concent ared by the reabsorpn];m :
al water. Urea and water diffuse down their conccn[rant ‘
gradients as tubular fluid passes through the collecting du
The remaining solutes in the tubular fluid are concentratked
further by the water reabsorption,|and a urine as conceh-
trated as the interstitial fluid at the innermost part of the me-
dulla may be formed if ADH levels are high. If ADH lcvéls
“are low, a final urine similar o the|dilute urine in the dlsia!
tubule is excreted. \
B The two driving forces that generate a high solure cop-
centration in the medullary interstitial fluid are the Nak:l
gradient between ISF and thin ascending limb, and the ur
gradient between collecting duct and 1SF. Warer cannLt ‘
leave the thin ascending limb in response to the osmotic gra-
dicnt, but can be reabsorbed from ﬁhc collecting duct in tth
presence of antidiuretic hormone. :
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""-'_':"_ute ;'of the medul[ary mte?stmal ﬂmd The hlgh con-

i e thc inter N
: urea in -~k
1€ thin ascendmg llmb “and, au g

ghe tubular ﬂu:d f the}; HUgh & R T : of

WO driving forces are at work in |
the two-solute - “hypothesis (Figure '19-18, - B): ‘the

3¢ Nacl radient across the thin ascendmg limb and ‘
*tms the colleciing duct. Both of | |
these—grzl%mgﬁﬁtq?threabsorp |
tion of NaCl by the thick ascending limb. Both gra-
dients drwe solute into the medullary mterstmal : 1
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Fig. 16.26 Renal papilla |
(Monkey: Atn X 30) :

The renal papilla forms the apex ofithe -
medullary pyramid where i project
inte the czlyﬂtal space. The ducts of
Bellini DR, the largest of the collectin
ducts, converge in the renal papilla to -
discharge unrﬁ: into the pcIvicalyceak
Space CS. The renal pelvis s lined by
urinary cpirhcllium E, and the walj of
the pelvis contains smooth muscle SN
which comracffs to force urine into the
ureter U, i ’

ANT Cfcé’ ¢ radiap g

Fig. 16.27 Ureter
(T'S: Masson's trz'rf}:mme x 18)

The ureters are uscular tubes which
conduct urine from the kidneys 1o the
bladder. Urine is onducted from the
pelvi-calyceal s¥stem as a bolus which
is propelled by pcﬂistalric action of the
ureteric wall, Thus| the wall of the
ureter contains rwd layers of smooth
muscle arranged into an inper
longirudinal layer L and an outer
circular layer C, Another outer
longirudinal layer js present in the
lower third of the ufeter. The lumen of
the ureter is lined b urinary
epithelium which js threwn up into
folds in the relaxed state allowing the
urerer to difate duridg the passage of a
bolus of urine. Surrdunding the
muscular wall is a |ogse connective
tissue adventitia A containing blood
vessels, lymphaties z.\ti nerves.
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Fig. 16.29 Urinary epithelium
(H & E X 480)

Urinary epithelium, also called transitional epithelium or
arothelium, is found only within the conducting passages of
‘he urinary system for which it'is especially adapted.
>lasma membranes of the superficial cells arefmuch thicker )
kan most cell membranes and have a highly ordere
ubstructure, thus rendering urinary epithelium
npermeable to urine which is potentially roxic. This
ermeability barrier also prevents water from being drawn
1rough the epithelium into hypertonic urine. The cells of

rinary epithelium have highly interdigisating cell junctions
hich permit great distension of the epithelium without

|
i

URINARY SYSTEM

Fig. 16.28 Bladder
(TS: M aswn's‘ trichrome X [2)

The general structure of the bladder ,aé
wall rescmblcTskkthat of the lower thirdyp! |
the ureters. The wall of the bladder :
consists of thrae loosely arranged layels
of smooth mustle and elastic fibres
which contract {during micturition. Note
the inner longitudinal 1L, outer circular
OC and outermost longitudinal OL
layers of smooth muscle. The urinary
epithelivm lining the bladder 1s throws
into many folds|in the relaxed state.

The outer adventitial coat A contains
arteries, veins and lymphatics.

The urethra, ‘{he final conducting

portion of the uiﬂnary tract, is discussedt

as part of the male reproductive tract i
Chapter 18. :

1

@g%e—% :

l

damage to the surface integrity (sce also Figs. 5.16 and
5.

Urinary epithelium rests on a2 basemenrt ! embrane which
is often 100 thin to be resolved by light mi roscopy and was
formerly thought to be absent. The basal ldyer is irregular
and may be deeply indented by strands of underlying
connective tissue containing capillaries. Th]it unusual feature
led early histologists to believe, mistakenly,|that urinary

epithelium contradicted the principle that epithelium never
contains blood vessels, S




