much higher than that required for these functions. The
major function of autoregulation in the kidneys is to main-
tain a relatively constant GFR and to allow precise control
of renal excretion of water and solutes.

The GFR normally remains autoregulated (that is,
remains relatively constant), despite considerable arterial
pressure fluctuations that occur during a person’s usual
activities. For instance, a decrease in arterial pressure to as
low as 75 mm Hg or an increase to as high as 160 mm Hg
usually changes GFR less than 10%. In general, renal blood
flow is autoregulated in parallel with GFR, but GFR is more
efficiently autoregulated under certain conditions.

Myogenic Autoregulation of Renal Blood
Flow and GFR

Another mechanism that contributes to the maintenance
of a relatively constant renal blood flow and GFR is the
ability of individual blood vessels to resist stretching dur-
ing increased arterial pressure, a phenomenon referred to
as the myogenic mechanism. Studies of individual blood
vessels (especially small arterioles) throughout the body
have shown that they respond to increased wall tension
or wall stretch by contraction of the vascular smooth
muscle. Stretch of the vascular wall allows increased
movement of calcium ions from the extracellular fluid
into the vascular smooth muscle cells causing them to
contract by combining with intracellular calmodulin and
the activation of myosin cross bridges. This contraction
prevents excessive stretch of the vessel and at the same
time, by raising vascular resistance, helps prevent exces-
sive increases in renal blood flow and GFR when arterial
pressure increases.

Although the myogenic mechanism probably operates
in most arterioles throughout the body, its importance in
renal blood flow and GFR autoregulation has been ques-
tioned by some physiologists because this pressure-sensi-
tive mechanism has no means of directly detecting changes
in renal blood flow or GFR per se. On the other hand, this
mechanism may be more important in protecting the kid-
ney from hypertension-induced injury. In response to sud-
den increases in blood pressure, the myogenic constrictor
response in afferent arterioles occurs within seconds and
therefore attenuates transmission of increased arterial pres-
sure to the glomerular capillaries.

Glomerular Filtration—The First Step
in Urine Formation

Composition of the Glomerular Filtrate

Urine formation begins with filtration of large amounts
of fluid through the glomerular capillaries into Bowman’s
capsule. Like most capillaries, the glomerular capillaries
are relatively impermeable to proteins, so the filtered fluid
(called the glomerular filtrate) 1s essentially protein free and
devoid of cellular elements, including red blood cells.

The concentrations of other constituents of the glomer. ‘
ular filtrate, including most salts and organic molecyles,
are similar to the concentrations in the plasma. Exccpnr.;;
to this generalization include a few low-molecular-weigh
substances, such as calcium and fatty acids, that are ng
freely filtered because they are partially bound to the
plasma proteins.

GFR Is About Twenty Percent of the Renal
Plasma Flow

As in other capillaries, the GFR is determined by (1) the
balance of hydrostatic and colloid osmotic forces acting
across the capillary membrane and (2) the capillary filtra-
tion coefficient (K;), the product of the permeability and
filtering surface area of the capillaries. The glomerular cap-
illaries have a much higher rate of filtration than most other
capillaries because of a high glomerular hydrostatic pres-
sure and a large K. In the average adult human, the GERs
about 125 mi/min or 180 L/day. The fraction of the renzl
plasma flow that is filtered (the filtration fraction) averages
about 0.2; this means that about 20% of the plasma flowinz
through the kidney is filtered through the glomerular capil-
laries. The filtration fraction is calculated as follows:

Filtration fraction = GFR/Renal plasma flow

Glomerular Capillary Membrane

The glomerular capillary membrane is simila 10 that of
other capillaries, except that it has three (ine d of the
usual two) major lavers: (1) the endotheliun of ' capillar:

s
(2) a basement membrane, and (3) a layer of ep: Ll celis
. T i

(podocytes) surrounding the outer surface of I iy
o lavers

basement membrane (Figure 77-5). Together, t
make up the filtration barrier, which, despite the €€ lay-
ers, filters several hundred times as much water : s0lu(e
as the usual capillary membrane. Even with thi:
of filtration, the glomerular capillary membrant
prevents filtration of plasma proteins.

The high filtration rate across the glomerular
membrane is due partly to its special characteri
capillary endothelium is perforated by thousands
holes called fenestrae, similar to the fenestrated ¢
found in the liver. Although the fenestrations are :
large, endothehal cells are richly endowed with fix
tive charges that hinder the passage of plasma prot

Surrounding the endothelium is the baseme
brane, which consists of a meshwork of collagen .
teoglycan fibrillae that have large spaces throug!

gh rate

jrmally

large amounts of water and small solutes can fil:
basement membrane effectively prevents filtrat 0
plasma proteins, in part because of strong negative <<t
cal charges associated with the proteoglycans.

The final part of the glomerular membrane is a lov¢f
epithelial celis that line the outer surface of the glome™
lus. These cells are not continuous but have long foct i+

Qo

-
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Figure 77-5 A, Basic ultrastructure of the glomerular capillaries.
8, Cross section of the glomerular capillary membrane and its
major components: capillary endothelium, basement membrane,
and epithelium (podocytes).

processes (podocytes) that encircle the outer surface of
the capillaries (see Figure 77-5). The foot processes are
separated by gaps called slit pores through which the glo-
merular filtrate moves. The epithelial cells, which also have
negative charges, provide additional restriction to filtration
of plasma proteins. Thus, all layers of the glomerular capil-
bry wall provide a barrier to filtration of plasma proteins.

Filterability of Solutes Is Inversely Related to Their
Size. The glomerular capillary membrane is thicker than
most ather capillaries, but it is also much more porous and
thezefore filters fluid at a high rate. Despite the high filtra-
ton rate, the glomerular filtration barrier is selective in
determining which molecules will filter, based on their size
1d electrical charge.

Table 77-2 lists the effect of molecular size on filterabil-
“of different molecules. A filterability of 1.0 means that
e substance is filtered as freely as water; a filterability of
/7% means that the substance is filtercd only 75% as rapidly
#ater. Note that electrolytes such as sodium and small
e compounds such as glucose are freely filtered. As the
mlecular weight of the molecule approaches that of albu-
Min, the filterability rapidly decreases, approaching zero.

Negatively Charged Llarge Molecules Are Filtered
Less Easily Than Positively Charged Molecules of Equal
Molecular Size. The molecular diameter of the plasma
“oten alburnin is only about 6 nanometers, whereas the
77 of the glomerular membrane are thought to be about
* Manometers (80 angstroms). Albumin is restncted from

Table 77-2 Filterability of Sybs

t 8 iMaei
Based on Molecular Weight ances by Glomeruar Capillaries

MolemlarWeight
Water 18 1
Sodium 23 ]
Glucose 180 1
Inulin 5500 1
Myoglobin 17.000 0.75
Albumin 69,000 €.005
1.0+
> 0.8+
% Polycationic dextran
< 064
:‘f Neutral
©
2 0.4+
.g Polyanionic
[
0.2
0

:
18 22 26 30 34 38 42
Effective molecular radius (A)

Figure 77-6 Effect of molecular radius and electrical charge of dex-
tran on its filterability by the glomerular capillares Avalue of 10
indicates that the substance is filtered as freely as water, whereas
avalue of 0 indicates that it is not filtered Dextrars are polysac-
charides that can be manufactured as neutral molecules or with
negative or positive charges and with varying molecular weight

liltration, however, because of its negative charge and the

electrostatic repulsion exerted by negative charges of the

glomerular capillary wall proteoglveans. N
Figure 77-6 shows how electrical charge affects the fitra-

-1y

i PAyri A
tion of different molecular weight dextrans by the glomerd

lus. Dextrans are polysaccharides that can be manufactured

as neutral molecules or with negative or positive charges
: - vl *d
Note that for any given molecular radius, posttivedy € )

harge

N i el
molecules are filtered much more readily than negal® !
4 more

more

charged molecules Neutral dextrans are also filtered

lar weight' The reason tor these differences :
d the

1hrane anc

that the negative Lh,)r_._u-\' ot the basement n
sriching larse

podocytes provide an important means for re

' -t gy ‘..l‘.'" '.
negatively charged molecules, including Jjama proteins
. | i sh o
Jharges on e

In certam kidnes diseases, the o

here are no

basement membrane are lost even b
rreed 1O
able changes m kidney Rustology, 2 condition reterred &

as nmommial dhange As 2 rosalt of this loss of
i :']:. the

rephropatla

negative charges on the basement membranes some

lower-malecular-weight proteins, especually slbumin. 7€
filtered and appear in the unine, 2 condition known as pre-

remuria or alburmaniria
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SECTION VII Renal Physiology

Determinants of the GFR O AN IS

) X fi ] il ‘the measurentent
See Appendix for a detailed description of the measirt

of GER by the renal clearance of inudin and creatiminie.

" The GFR is determined by (1) the sum of the hydrostatic
and colloid osmotic forces across the glomerular mem-
brane. which gives the et filtration pressure, and (2) the
glomerular capillary filtration coeficient. A Expressed
mathematically, the GFR equals the product of Ky and the
net filtration pressure:

GFR = K; x Net filtration pressure

The net filtration pressure represents the sum of the
hydrostatic and colloid osmotic forces that either favor or
oppose filtration across the glomerular capillaries (Figure
77-7). These forces include (1) hydrostatic pressure inside
the glomerular capillaries (glomerular hydrostatic pressure,
Pg), which promotes filtration; (2) the hydrostatic pres-
sure in Bowman's capsule (Py) outside the capillaries, which
opposes filtration; (3) the colloid osmotic pressure of the glo-
merular capillary plasma proteins (g), which opposes fil-
tration; and () the colloid osmotic pressure of the proteins
in Bowman'’s capsule (), which promotes filtration. (Under
normal conditions, the concentration of protein in the glo-
merular filtrate is so low that the colloid osmotic pressure of
the Bowman's capsule fluid is considered to be zero.)

The GFR can therefore be expressed as:

GFR:KfX(PG—PB—II‘Q +n'3)

Although the normal values for the determinants of GFR
have not been measured directly in humans, they have been
estimated in animals such as dogs and rats. Based on the
results in animals, the approximate normal forces favoring

Efferent
arteriole

Afferent
arteriole

Glomerular  Glomerular
hydrostatic colloid osmotic
pressure pressure
(60 mm Hg) (32 mm Hg)

-

Bowman's
capsule
pressure
(18 mm Hg) /
Net filtration Glomerular Bowman's
pressure = hydrostatic _ capsule OGr’]g';ﬁ:rular
(10 mm Hg) L pressure pressure

(60mmHg)  (18mmHg) (32 mm Hg)

Figure 77-7 Summary of forces causing filtration by th
capillaries. The values shown are estimates for hea[tﬁy heuﬁl]:r;erular

glmnvru]m‘ filtration in |||!||mm

I )
! Ll QO ) )”hln&‘ . - -
and oPt (see Figure 77-7):

. * |
to beas follows ]

iy

Forces Favoring Filtration (mm Hyg)

Glomerular hyclmstnlic pressure

Bowman's capsule colloid osmotic preggyy, f

Forces Opposing Filtration (mm Hg)
Bowmans capsule hydrostatic pressure
Glomerular capillary colloid osmotic pressure

Net filtration =60 — 18 =32 =+ 10 mp, e

Some of these values can change markedly ypgy, it

~ . . _ . Il
ferent physmloglc conditions, whereas others are qlterg
mainly in disease states, as discussed later,

Increased Glomerular Capillary Filtration
Coefficient Increases GFR

The K is a measure of the product of the hydraulic op
ductivity and surface area of the glomerular capillaries, The
K; cannot be measured directly, but it is estimated expe;
mentally by dividing the rate of glomerular filtration by ng
filtration pressure:

K¢ = GFR/Net filtration pressure

Because total GFR for both kidneys is about 125 mi/min
and the net filtration pressure is 10 mm Hg, the normal K
is calculated to be about 12.5 ml/min/mm Hg of filtratio
pressure. Although increased K; raises GFR and decreased
Ky reduces GFR, changes in K| probably do not provide

primary mechanism for the normal day-to-da: regutic
of GFR. Some diseases, however, lower Kby I lucing e
number of functional glomerular capillaries (the by red‘uc--
ing the surface area for filtration) or by increasi :he,thlc.k
ness of the glomerular capillary membrane and ‘“C‘“gltj
hydraulic conductivity. For example, chronic, ! '”HO.HE\.
hYPeftEHSion and diabetes mellitus gradually ! i i\-!.se‘-
Increasing the thickness of the glomerular ca; bllm
ment membrane and, eventually, by damaging ap
€5 S0 severely that there is loss of capillary fun
Increased Bowman'’s Capsule Hydrostatic: ssur
Decreases GFR

Direct Measurements, using micropipettes: of It ) -}thé
Pressure in Bowman’s capsule and at different P 3[.1 el
Proximal tubule in experimental animals suggest’ 1;1 llmaﬂ»‘
§0nable estimate for Bowman’s capsule pressure ! f.l,l,lsiﬂr
 about 1§ mm Hg under normal condition® [.k,WGFR‘
thle hydrostatic pressure in Bowman's capstle peduct
311(:;2: idecreasing this pressure raises *
n Bowman's capsule pressure norm
ser;:e a5 a primary meangs for regulating GFR. Ubﬁ“‘"('
3 Certai_rl_lzitgqlogical states aSSc')ci;lted \\'15\““111‘ N

HAam. L

'J]l,\‘. (
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increase markedly, -causi{}g serious reduction of GFR. For
~xample. precipitation of calcium or of uric acid may lead
{0 stones” that lodge_ in the urinary tract, often in the ure-
ter, thereby obsfructmg outflow of the urinary tract apg
raising Bowmans capsule pressure. This redyces GER and
eventually can cause /iydronephrosis (distention ang dila-
tion of the renal pelvis and calvees) and can damage or even
destroy the kidney unless the obstruction is relieved.

S

Increased Glomerular Capillary Collojd Osmotic
pressure Decreases GFR

As blood passes from the afferent arteriole through the glo-
merular capillaries to the efferent arterioles, the piasma {;ro-
tein concentration increases about 202 (Figure 77-8). The
reason: for this is that about one-fifth of the fluid in the capil-
Jaries filters into Bowman's capsule, thereby concentrating the
glomerular plasma proteins that are not filtered, r\SSLlr;lincr
that the normal colloid osmotic pressure of plasma enterT
ing the glomerular capillaries is 28 mm Hg, this value usuallv
rises to about 36 mm Hg by the time the blood reaches the
efferent end of the capillaries. Therefore, the average colloid
osmotic pressure of the glomerular capilla ry plasma proteins
is midway between 28 and 36 mm Hg, or about 32 mm Hg.
Thus, two factors that influence the glomerular capillary
colloid osmotic pressure are (1) the arterial plasma colloid
osmotic pressure and (2) the fraction of plasma filtered by the
glomerular capillaries (filtration fraction). Increasing the arte-
rial plasma colloid osmotic pressure raises the glomerular cap-
illary colloid osmotic pressure, which in turn decreases GFR.

CHAPIER 77 | Urine Formation by the Kidneys

in glomerular hydrostatic pressure raise GFR, whereas
decreases in glomerular hydrostatic pressure reduce GFR.

Glomerular hydrostatic pressure is determined by
three variables, each of which is under physiologic control:
(1) arterial bressure, (2) afferent arteriolar resistance, and
(3) efferent arteriolar resistance.

Increased arterial pressure tends to raise glomeru-
lar hvdrostatic pressure and, therefore, to increase GFR.
(However, as discussed later, this effect is buffered by auto-
regulatory mechanisms that maintain a relatively constant
glomerular pressure as blood pressure fluctuates.)

Increased resistance of afferent arterioles reduces
glomerular hydrostatic pressure and decreases GFR.
Conversely, dilation of the afferent arterioles increases both
glomerular hydrostatic pressure and GFR (Figure 77-9).

Constriction of the efferent arterioles increases the resis-
tance to outflow from the glomerular capillaries. This raises
the glomerular hydrostatic pressure, and as long as the
increase in efferent resistance does not reduce renal blood
flow too much, GFR increases slightly (see Figure 77-9).
Table 77-3 summarizes the factors that can decrease GER.

Physiologic Control of Glomerular Filtration
and Renal Blood Flow

The determinants of GFR that are most variable and subject to
physiologic control include the glomerular hydrostatic pres-
sure and the glomerular capillary colloid osmotic pressure.

IIA NOILD3S &

. . Glomerular
Increased Glomerular Capillary Hydrostatic 150 + filtration (zooo
Pressure Increases GFR 5 rate s
T o
The glomerular capillary hydrostatic pressure has been Z é 100 - -1400 5=
estimated to be about 60 mm Hg under normal conditions. 5E S8E
Changes in glomerular hydrostatic pressure serve as the e 5 - s g E
primary means for physiologic regulation of GFR. Increases EE g
5 Renal blood o
flow
0 0 T T T 200
20 -
Filtration a i .2 3 4
< 38 fraction Efferent arteriolar resistance
5 S Normal (X normal)
E a_ 36
L g_:g’ 34
36 g o5 250 r 2000
o35 E x S
ES~ Filtration 2 100
£ - =
) § - fraction 0y )
o 28 Eg 150 - \ | 1400 .gg
o E £ ormal 3 E
2o 1001 SF
—>  Efferent 52 Renal blood | sE
Af;ir;ent Distance along end &’ [ Glpmeru!ar flow 800 S =
glomerular capillary 50 50 4 flltrr;téon e
Figure 77-8 Increase in colloid osmotic pressure in plasma ﬂ?n.-::ng 0 " = : —1 200
through the glomerular capillary. Normally, about ong-f:fth of the 0 1 2 3 H
fluid in the glomerular capillaries filters into Bowman's capsule, Afferent arteriolar resistance

thereby concentrating the plasma proteins that are not filtered. (X normal)

"tease in the filtration fraction (glomerular filtration ratg/renal
Plasma flow) increases the rate at which the plasma colloid os- )
Tt pressure rises along the glomerular capillary; decrease in the

tration fraction has the opposite effect.

Figure 77-9 Effect of change in afferent arteriolar resistance .
efferent arteriolar resistance on glomerylar filtratj

on
blood flow. rate and renal
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Renal Physiology

Table 77-3 FactorsT
Rate (GFR)

hat Can Decrease the Glomerular Filtration

Physical

PhySiologiclPathophysiologic Causes
Déterminants*

LKL GFR Renal disease, diabetes mellitus,
hypertension

TPy~ GFR Urinary tract obstruction (e.g., kidney
stones)

T7c—1 GFR

| Renal blood flow, increased plasma
proteins

LP=L GFRLA—1 P | Arterial pressure (has only small effect

due to autoregulation)

LRe—=LPg I Angiotensin Il (drugs that block
angiotensin Il formation)
TRy=L P T Sympathetic activity, vasoconstrictor

hormones (e.g., norepinephrine,
endothelin)

*Opposite changes in the determinants usually increase GFR.

Ky, glomerular filtration coefficient: Pg, Bowman's capsule hydrostatic
pressure; ¢, glomerular capillary colloid osmotic pressure; Pe, glomerular
capillary hydrostatic pressure; Ap, systemic arterial pressure, R, efferent
arteriolar resistance; Ry, afferent arteriolar resistance.

These variables, in turn, are influenced by the sympathetic
nervous system, hormones and autacoids (vasoactive sub-
stances that are released in the kidneys and act locally), and
other feedback controls that are intrinsic to the kidneys.

Sympathetic Nervous System Activation
Decreases GFR

Essentially all the blood vessels of the kidneys, including
the afferent and the efferent arterioles, are richly innervated
by sympathetic nerve fibers. Strong activation of the renal
sympathetic nerves can constrict the renal arterioles and
decrease renal blood flow and GFR. Moderate or mild sym-
pathetic stimulation has little influence on renal blood flow
and GFR. For example, reflex activation of the sympathetic
nervous system resulting from moderate decreases in pres-
sure at the carotid sinus baroreceptors or cardiopulmonary
receptors has little influence on renal blood flow or GFR.
The renal sympathetic nerves seem to be most impor-
tant in reducing GFR during severe, acute disturbances
lasting for a few minutes to a few hours, such as those elic-
ited by the defense reaction, brain ischemia, or severe hem-
orrhage. In the healthy resting person, sympathetic tone
appears to have little influence on renal blood flow,

Hormonal and Autacoid Control of Renal
Circulation

Several hormones and autacoids can influence GER and
renal blood flow, as summarized in Table 77-4.

Norepinephrine, Epinephrine, and Endothelin Constrict
Renal Blood Vessels and Decrease GFR. Hormones that
constrict afferent and efferent arterioles, causing reductions

f

gl

ids That | .

Table 77-4 Hormones and Autacoids That Influence Glomerular R
Filtration Rate (GFR) T
Homoﬁg'orAutaw‘d o I_.\t‘

Norepinephrine |
Epinephrine L %
Endothelin | &
Angiotensin Il ~ (prevents i
Endothelial-derived nitric oxide I
Prostaglandins I
. —

in GER and renal blood flow, include norepinephriye and
epinephrine released from the adrenal medulla, 1y gen-
eral, blood levels of these hormones parallel the activi
of the sympathetic nervous system; thus, norepinephripe
and epinephrine have little influence on rena] hemody-
namics except under extreme conditions, such as severe
hemorrhage.

Another vasoconstrictor, endothelin, is a peptide that
can be released by damaged vascular endothelial cells of the
kidneys, as well as by other tissues. The physiologic role of
this autacoid is not completely understood. However, endo-
thelin may contribute to hemostasis (minimizing blood
loss) when a blood vessel is severed, which damages the
endothelium and releases this powerful vasoconstrictor,

Angiotensin Il  Preferentially Constricts Efferent
Arterioles in Most Physiologic Conditions. A powerful
renal vasoconstrictor, angiotensin 11, can be considered a
circulating hormone as well as a locally produced autacoid
because it is formed in the kidneys and in the systemic cir-
culation. Receptors for angiotensin I are present in virtually
all blood vessels of the kidneys. However, the preglomeru-
lar blood vessels, especially the afferent arterioles, appear to
be relatively protected from angiotensin 1l-mediated con-
striction in most physiologic conditions associated with
activation of the renin—angiotensin system such as during
a low-sodium diet or reduced renal perfusion pressure due
to renal artery stenosis. This protection is due to release
of vasodilators, especially nitric oxide and prostaglandins,
which counteract the vasoconstrictor effects of angiotensin
Ilin these blood vessels.

The efferent arterioles, however, are highly sensitive to
angiotensin II. Because angiotensin 11 preferentially con-
stricts efferent arterioles in most physiologic condition§,
increased angiotensin I1 levels raise glomerular hydrostatic
pressure while reducing renal blood flow. It should be kept
in mind that increased angiotensin Il formation usua!ly
oceurs in circumstances associated with decreased arteril
pressure or volume depletion, which tend to decrease GER.
In these circumstances, the increased level of angiotensin IL
by constricting efferent arterioles, helps maintain glomeru-
lar hydrostatic pressure and GFR; at the same time, though'
the reduction in renal blood flow caused by efferent artefio
lar constriction contributes to decreased flow through the
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eritubular capillaries, which in turn increases reabsorption

of sodium and water, as discussed in Chapter 78.

E,,dothelial-Derived Nitric Oxide Decreases Renal
vascular Resistance and Increases GFR. An autacoid that
decreases renal vascular resistance and is released by the
yascular endothelium throughout the body is endothelial-
derived nitric oxide. A basal level of nitric oxide produc-
tion appears to be important for maintaining vasodilation
of the kidneys. This allows the kidneys to excrete normal
;mounts of sodium and water. Therefore, administration of
drugs that inhibit formation of nitric oxide increases renal
vascular resistance and decreases GFR and urinary sodium
excretion, eventually causing high blood pressure. In some
hypertensive patients or in patients with atherosclerosis,
damage of the vascular endothelium and impaired nitric
oxide production may contribute to increased renal vaso-
constriction and elevated blood pressure.

prostaglandins and Bradykinin Tend to Increase GFR.
Hormones and autacoids that cause vasodilation and
increased renal blood flow and GFR include the prostaglan-
dins (PGE, and PGI,) and bradykinin. These substances are
discussed in Chapter 45. Although these vasodilators do
not appear to be of major importance in regulating renal
blood flow or GER in normal conditions, they may dampen
the renal vasoconstrictor effects of the sympathetic nerves
or angiotensin 1I, especially their effects to constrict the
afferent arterioles.

By opposing vasoconstriction of afferent arterioles, the
prostaglandins may help prevent excessive reductions in
GFR and renal blood flow. Under stressful conditions, such
as volume depletion or after surgery, the administration
of nonsteroidal anti-inflammatory agents, such as aspirin,
that inhibit prostaglandin synthesis may cause significant
reductions in GFR.

Tubuloglomerular Feedback and Autoregulation
of GFR

To perform the function of autoregulation, the kidneys have
afeedback mechanism that links changes in sodium chloride
concentration at the macula densa with the control of renal
arteriolar resistance. This feedback helps ensure a relatively
constant delivery of sodium chloride to the distal tubule and
helps prevent spurious fluctuations in renal excretion that
would otherwise occur. In many circumstances, this feed-
back autoregulates renal blood flow and GFR in parallel.
However, because this mechanism is specifically directed
Yward stabilizing sodium chloride delivery to the distal
twbule, there are instances when GER is autoregulated at the
“Pense of changes in renal blood flow, as discussed later.
The tubuloglomerular feedback mechanism has two
““mponents that act together to control GER: (1) an affer-
Nt arteriolar feedback mechanism and (2) an efferent
i{teri(ﬂar feedback mechanism. These feedback mecha-
leSms depend on special anatomical arrangements of the
Maglomerylqy complex (Figure 77-10).

| Urine Formation by the Kidneys
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Figure 77-10 Structure of the juxtaglomerular apparatus, dem-
onstrating its possible feedback role in the control of nephron

function.

The juxtaglomerular complex consists of macula densa
cells in the initial portion of the distal tubule and juxtaglo-
merular cells in the walls of the afferent and efferent arteri-
oles. The macula densa is a specialized group of epithelial
cells in the distal tubules that comes in close contact with
the afferent and efferent arterioles. The macula densa cells
contain Golgi apparatus, which are intracellular secre-
tory organelles directed toward the arterioles, suggesting
that these cells may be secreting a substance toward the
arterioles.

Decreased Macula Densa Sodium Chloride Causes
Dilation of Afferent Arterioles and Increased Renin
Release. The macula densa cells sense changes in volume
delivery to the distal tubule by way of signals that are not
completely understood. Experimental studies suggest that
decreased GER slows the flow rate in the loop of Henle
causing increased reabsorption of sodium and chloride ions,
in the ascending loop of Henle, thereby reducing the con-
centration of sodium chloride at the macula densa cells Thi
decrease in sodium chloride concentration initiates a ;,i lsi
from the macula densa that has two effects (Figure(77 glna
(1) It decreases resistance to blood flow in the afferent _ 1'):
oles, which raises glomerular hydrostatic pressure : darterl-
return GFR toward normal, and (2) it increases i s
from the juxtaglomerular cells of the afferent ol
arterioles, which are the major storage sites fi and’ ehergnt
released from these cells then functions O enin. Renin
increase the formation of angiote a5 an €nzZyme tgo

. . ) nsin I, which i
to angiotensin IL Finally, the angiotensin HCIZ(;S Cton"EI“ted
nstricts the
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Figure 77-11 Macula densa feedback mechanism for autoregula-
tion of glomerular hydrostatic pressure and glomerular filtration
rate (GFR) during decreased renal arterial pressure.

efferent arterioles, thereby increasing glomerular hydro-
static pressure and helping to return GFR toward normal.

Other Factors That Increase Renal Blood Flow
and GFR: High Protein Intake and Increased Blood
Glucose. Although renal blood flow and GFR are relatively
stable under most conditions, there are circumstances in
which these variables change significantly. For example, a
high protein intake is known to increase both renal blood
Sflow and GFR. With a chronic high-protein diet, such as one
that contains large amounts of meat, the increases in GFR
and renal blood flow are due partly to growth of the kidneys.
However, GFR and renal blood flow increase 20 to 30%
within 1 or 2 hours after a person eats a high-protein meal.

A similar mechanism may also explain the marked
increases in renal blood flow and GFR that occur with large
increases in blood glucose levels in uncontrolled diabetes
mellitus. Because glucose, like some of the amino acids, is
also reabsorbed along with sodium in the proximal tubule
increased glucose delivery to the tubules causes them tc;
reabsorb excess sodium along with glucose. This, in turn,
degrea;es delivery of sodium chloride to the macula densa,
activating a tubuloglomerular feedback-mediated dilation

fferent arterioles and subsequent increases jp, o
and GFR. 1
xamples demonstrate th:}t renal blood flow g ';j
GER per se ar¢ not the primary ""m,ablef‘ COntrQlled by the
tubuloglon’nel'”lM feedback mcc'ham‘sm.th.e main Pufpo

f this feedback is to ensure a constant elivery (?f sodium
i loride to the distal tubule, where final processing of tha
f:lgle takes place. Thus, distu.rbances that l(_‘!]d to increaga
reabsorption of sodium _cl.11<')r|de at tubular sites before the
macula densa tend to elicit 1_ncreased. renal blopd flowand
GER, which helps return distal sodium CmOl'lde deliVery
towards normal so that normal rates of sodium and water
n be maintained (see Figure 77-11).

of the a
blood flow
These €

excretion ca
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