Role of the Kidneys in Long-Term Control of
Arterial Pressure and in Hypertension: The
[ntegrated System for Arterial Pressure Regulation

. - "1 Short-term control of arte-
i b ey rial pressure by the sympa-
: ‘ | P k thetic nervous system, as
R = discussed in Chapter 18,
u j‘ occurs primarily through
‘ , the effects of the nervous
B system on total peripheral
vascular resistance and capacitance, as well as on cardiac
pumpins ability. ‘

The body, however, also has powerful mechanisms for
regulating arterial pressure week after week and month
after month. This long-term control of arterial pressure
is closely intertwined with homeostasis of body fluid vol-
ume, which is determined by the balance between the
fluid intake and output. For long-term survival, fluid
intake and output must be precisely balanced, a task that
is performed by multiple nervous and hormonal controls,
and by local control systems within the kidneys that regu-

late their excretion of salt and water. In this chapter we
discuss these renal-body fluid systems that play a domi-
nant role in long-term blood pressure regulation.

Renal-Body Fluid System for Arterial
Pressure Control

The renal-body fluid system for arterial pressure con-
trol acts slowly but powerfully as follows: If blood vol-
ume increases and vascular capacitance is not altered,
arterial pressure will also increase. The rising pressure in
turn causes the kidneys to excrete the excess volume, thus
feturning the pressure back toward normal.

Inthe phylogenetic history of animal development, this
re"al‘POdY fluid system for pressure control is a primitive
t(;:le' Itis fully operative in one of the lowest of vertebrates,

ell;aEﬁSh. This animal has a low arterial pressure, only8
in mmm Hg, ar%d this pressure increases almost directly

iEI)Ik Portion to its blood volume, The hagfish continually
in ths Sea water, WhiCh is absorbed into its blood, increas-

& the blood volume and blood pressure. However, when

€ Pressure rises too high, the kidney simply excretes
volume into the urine and relieves the pres-
OW pressure, the kidney excretes less fluid than

© excess
Sure, At |

. B
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is ingested. Therefore, because the hagfi i
drink, extracellular fluid volume, bloodg\rt:::ltl‘nrrc:«::1;:::;l :etz
sure all build up again to the higher levels.

Throughout the ages, this primitive mechanism of
pressure control has survived almost as it functions in the
hagfish; in the humans, kidney output of water and saltis
just as sensitive to pressure changes as in the hagfish, if
not more so. Indeed, an increase in arterial pressure in the
human of only a few mm Hg can double renal output of
water, which is called pressure diuresis, as well as double
the output of salt, whichs called pressure natriuresis,

In the human being, the renal-body fluid system for
arterial pressure control, just as in the hagfish, is a funda-
mental mechanism for long-term arterial pressure con-
trol. However, through the stages of evolution, multiple
refinements have been added to make this system much
more exact in its control in the human being. An espe-
cially important refinement, as discussed later, has been
the addition of the renin-angiotensin mechanism.

Quantitation of Pressure Diuresis as a Basis
for Arterial Pressure Control

Figure 19-1 shows the approximate average effect of dif-

ferent arterial pressure levels on urinary volume output

by an isolated kidney, demonstrating markedly increased
urine volume output as the pressure rises. This increased
urinary output s the phenomenon of pressure diuresis. The
curve in this figure is called a renal urinary output curve or
a renal function curve. In the human being, at an arterial
pressure of 50mm Hg, the urine output is essentially zer0.
At 100mm Hg it is normal, and at 200mm Hgiitis a}mut six
to eight times normal. Furthermore, not only does increas-
ing the arterial pressure increase urine vplume_outP“t' but
it causes approximately equal increase in .sodn_xm output,
which is the phenomenon of pressure natriuresis.

An Experiment Demonstrating the Re"fl'l:?(’ﬁ
Fluid System for Arterial Pressure Control. %\'ch
19-2 shows the results of an experiment in dogs in whi "
all the nervous reflex miechanisms for blood Pressure
control were first blocked. Then the :-.1rtenal1 E;etjls:od
was suddenly elevated by infusing about 400?-.“ output
intravenously. Note the rapid increase In car
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Figure 19-1 Typical renal urinary output curve measured in a per-
fused isolated kidney, showing pressure diuresis when the arterial
pressure rises above normal.
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Figure 19-2 Increases in cardiac output, urinary-output, and arte-
rial pressure caused by increased blood volume in dogs whose ner-
vous pressure control mechanisms had been blocked. This figure
shows retum of arterial pressure to normal after abotit an hour of
fluid loss into the urine. (Courtesy Dr. William Dobbs.)

to about double normal and increase in mean arterial
pressure to 205 mm Hg, 115 mm Hg above its resting level.
Shown by the middle curve is the effect of this increaged
arterial pressure on urine output, which increased 12-fold.
Along with this tremendous loss of fluid in the urine, both
the cardiac output and the arterial pressure returned to
normal during the subsequent hour. Thus, one sees an
extreme capability of the kidneys to eliminate fluid volume
from the body in response to high arterial pressure and in
so doing to return the arterial pressure back to normal.

Arterial Pressure Control by the Renal-Bod
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Figure 19-3 Analysis of arterial pressure regulation )
thi “renal output curve” with the “salt and water intakebycuer?,:?‘;:i
equilibrium point describes the level to which the arterig oo,

o
will be regulated. (That small portion of the salt and Wat:f in"wlre
that is lost from the body through nonrenal routes is ignoyyg 1:

this and similar figures in this chapter.)

can be used for analyzing arterial pressure contro| by the
renal-body fluid system. This analysis is based op two
separate curves that intersect each other: (1) the repy
output curve for water and salt in response to rig
arterial pressure, which is the same renal output curye 5
that shown in Figure 19-1, and (2) the line that represen
the net water and salt intake.

Over a long period, the water and salt output must
equal the intake. Furthermore, the only place on the graph
in Figure 19-3 at which output equals intake is where the
two curves intersect, which is called the equilibrium
point. Now, let us see what happens if the arterial pres-
sure increases above, or decreases below, the equilibrium
point.

First, assume that the arterial pressure rises to 150 mm Hg.
At this level, the renal output of water and salt is about
three times as great as the intake. Therefore, the body
loses fluid, the blood volume decreases, and the arterial
pressure decreases. Furthermore, this “negative balance”
of fluid will not cease until the pressure falls all the way
back exactly to the equilibrium level. Indeed, even when
the arterial pressure is only 1mm Hg greater than the
equilibrium level, there still is slightly more loss of water
and salt than intake, so the pressure continues to fall that
last 1 mm Hg until the pressure eventually returns exactly
to the equilibrium point. )

If the arterial pressure falls below the equilibrium
point, the intake of water and salt is greater than the out-
put. Therefore, body fluid volume increases, blood voluﬂjE
increases, and the arterial pressure rises until once again
it returns exactly to the equilibrium point. This return of
the arterial pressure always back to the equilibrium point
is the near infinite feedback gain principle for control ©
arterial pressure by the renal-body fluid mechanism-

Two Determinants of the Long-Term Arten?l
Pressure Level. In Figure 19-3, one can also see that ™
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Chapter 19 Role of the Kidneys in Long-Term Control of Arterial Pressure and in Hypertensian

As long as the two curves representing (1) renal output

f salt and water and (2) intake of salt and water remain
0 ctly as they are shown in Figure 19-3, the mean arterial
e:;:“ure level will eventually readjust to 100mm Hg, which
il: the pressure level depicted by the equilibrium point of
this figure. Furthermore, there are only two ways in which
the pressure of this equilibrium point can be changed
from the 100mm Hg level. One of these is by shifting the
ressure level of the renal output curve for salt and water,
:nd the other is by changing the level of the water and salt
intake line. Therefore, expressed simply, the two primary
determinants of the long-term arterial pressure level are

as follows:

1. The degree of pressure shift of the renal output curve
for water and salt

2. The level of the water and salt intake

Operation of these two determinants in the control of
arterial pressure is demonstrated in Figure 19-4.In Figure
19-44, some abnormality of the kidneys has caused the
renal output curve to shift 50mm Hg in the high-pres-
sure direction (to the right). Note that the equilibrium
point has also shifted to 50mm Hg higher than normal.
Therefore, one can state that if the renal output curve
shifts to a new pressure level, the arterial pressure will
follow to this new pressure level'within a few days.

Figure 19-4B shows howa changein'the level of saltand
water intake also can change the'arterial pressure. In this
case, the intake level has increased fourfold'and the equi-
librium point has shifted toa pressure level of 160mm Hg,

Elevated
pressure

Normal

I ] Lis
0 50 100 150 200 250

Intake or output (x normal)

6 - Elevated
pressure

B 0 50 100 150 200 250
Arterial pressure (mm Hg)
Figure 19-4 Two ways in which the arterial pressure can be
"icreased: 4, by shifting the renal output curve in the right-hand
direction toward a higher pressure level or B, by increasing the
Intake level of salt and water.

60mm Hg above the normal level, Conversely, a decrease
in the intake level would reduce the arterial pressure

Thus, it Is impossible to change the long- '
arterial pressure level to a new value without ¢
or both of the two basic determinants of lon
rial pressure—either (1) the level of salt ang
or (2) the degree of shift of the renal functio
the pressure axis. However, if either of the
one finds the arterial pressure thereafter t
at a new pressure level, the arteria] press
two new curves intersect,

term mean
hanging one
g-term arte-
water intake
n curve along
se is changed,
o be regulated
ure at which the

The Chronic Renal O

than the Acute Cun‘:e. ‘Jfglil:xs:rrtvaitlscr v S'FEgper

) ; aracteristic of
pressure natriuresis (and pressure diuresis) is that chronic
changes in arterial pressure, lasting for days or months
have much greater effect on renal output of salt and Wate;
than observed -during acute changes in pressure (Figure
19-5). Thus; when the kidneys are functioning normall
the chronic renal output curve is much steeper than th)::'
acute curve.

The powerful ieffects of chronic increases in arterial
pressure on urine output-are because increased pressure
notonly has direct hemodynamic effects on the kidney to
increase excretion, but also indirect effects mediated by
nervous and hormonal changes that occur when blood
pressure is increased. For example, increased arterial
pressure decreases activity of the sympathetic nervous
system and various hormones such as angiotensin II and
aldosterone that tend to. reduce salt and water excretion
by the kidneys. Reduced activity of these antinatriuretic
systems therefore amplifies the effectiveness of pressure
natriuresis and diuresis in raising salt and water excre-
tion ‘during chronic increases in arterial pressure (see
Chapters 27 and 29 for further discussion).
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mal or six times normal, respectivery. ccause O e cavts on

hronic renal output curve, increas it mpaired kidney
::;?aﬁ crhanges in arterial pressure. [n persons W e o
function, the steepness of t

he renal output curve may
simllar to the acute curveé,

resulting in increased sensitivity of
i intake.
arterial pressure 10 changes in salt inta

215

P & '"f ¥

Scanned with CamScanner




Unitiv The Circulation

Conversely, when blood pressure is reduced, the sym-
pathetic nervous system Is activated and formation of
antinatriuretic hormones is increased, adding to the
direct effects of reduced pressure to decrease renal out-
put of salt and water. This combination of direct effects
of pressure on the kidneys and indirect effects of pressure
on the sympathetic nervous system and various hormone
systems make pressure natriuresis and dluresis extremely
powerful for long-term control of arterial pressure and
body fluid volumes,

The importance of neural and hormonal influences on
pressure natriuresis is especially evident during chronic
changes in sodium intake, If the kidneys and the nervous
and hormonal mechanisms are functioning normally,
chronic increases in intakes of salt and water to as high
assix times normal are usually associated with only small
increases in arterial pressure. Note that the blood pres-
sure equilibrium point B on the curve is neatly the same
as point A, the equilibrium point at normal salt intake.
Conversely, decreases in salt and water intake to as low
as one-sixth normal typically have little effect on arterial
pressure. Thus, many persons are said to be salt insensi-
tive because large variations in salt intake do noet change
blood pressure more than a few mm Hg.

Individuals with kidney injury or excessive secretion of
antinatriuretic hormones such as angiotensin I or aldos-
terone, however, may be salt sensitive with an-attenuated
renal output curve similar to the acute curve shown in
Figure 19-5. In these cases, even moderate increasesin salt
intake may cause significant increases in arterial pressure.

Some of the factors include loss of functional nephrons
due to kidney injury, or excessive formation of antinatri-
uretic hormones such as angiotensin IL or aldosterone, For
example, surgical reduction of kidney mass or injury to
the kidney due to hypertension, diabetes, and various kid-
ney diseases all cause blood pressure to be more sensitive
to changes in salt intake. In these instances, greater than
normal increases in arterial pressure are required to raise

renal output sufficiently to maintain a balanice between
the intake and output of salt and water.

There is some evidence that long-term high salt intake,
lasting for several years, may actually damage the kid-
neys and eventually make blood pressure more salt sen-
sitive. We will discuss salt sensitivity of blood pressure in
patients with hypertension later in this chapter.

Failure of Increased Total Peripheral Resistance to
Elevate the Long-Term Level of Arterial Pressure if
Fluid Intake and Renal Function Do Not Change

Now is the chance for the reader to see whether he or
she really understands the renal-body fluid mechanism
for arterial pressure control, Recalling the basic equation
for arterial pressure—arterial pressyre equals cardiac oy;-
put times total peripheral resistance—it is clear that an
increase in total peripheral resistance should elevate the
arterial pressure. Indeed, when the tota] veripheral resis-
tance is acutely incregsed, the arterial pressure does rise
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f the kidneys continue to func[m
ise in arterial pressure usually ; Aoy

d, the arterial pressure Teturng 'fl:l Ny
the,

immediately. Yet 1
mally, the acute r

intained. Instea
$:;rnto normal within a day or so. Why?

this is the following: Increqg

mn'g:«:nar:;:"';:] ;:;d vessels everywhere else i, ‘3\0 rl::;
besides in the kidneys does not change the eQuiliy; u"f
point for blood pressure control as dictated by the kidt
neys (see again Figures 19-3 and 19-4). Insteaq, kidi
neys immediately begin to _respc_and to the high er
pressure, causing pressure diuresis and pressyre Ratrigy
sis. Within hours, large amounts of salg and water 5y, e
from the body, and this continues until the' arterig] "
sure returns to the pressure l'evel of th? equilibriyyy, Paing
At this point blood pressure is normalized and EXtrac,
lar fluid volume and blood volume are decreageq 0 ey

normal.
belj‘:Pwo f of this principle that changes in toty] Periph
eral resistance do not affect the lor}g-te.erm level of artg;,
px"essure if function,of the kidneys is still norma, carefy,
study Figure 19-6. This ,ﬁgqre shows the _appl-(;xjmm .
diac outputs and the arterial pressures in differens dlini,
cal conditions in which the long-term total peripy,, o
resistance is either much less than or much greater than
normal, but kidney excretion of salt and water is norma,
Note in all these different clinical conditions that the arte.
rial pressure is also exactly normal.

A word of caution is necessary at this point in our djs.
cussion. Many times when the total peripheral resistance
increases, this also increases the intrarenal vascular resis-
tance at the same time, which alters the function of the
kidney and can cause hypertension by shifting the renal
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Figure 19-6 Relations of total peripheral resistance to the long-
term levels of arterial pressure and cardiac output in diffe"
ent clinif:al abnormalities, In these conditions, the kidneys Werel
functioning normally. Note that changing the whole-body totd
peripheral resistance caused equal and opposite changes in cardiac
output but in all cases had no effect on arterial pressure. (Reda"

from Guyton AC: Arterial Press; ion. Philadelphia
WB Saunders, 1980.,) ssure and Hypertension.
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function curve to a higher pressure level, in the manner
shown in Figure 19-4A. We see an example of this later
in this chapter when we discuss hypertension caused
by vasoconstrictor mechanisms, But it is the increase in
renal resistance that is the culprit, not the increased total
pgnpheral resistance—an Important distinction,

increased Fluid Volume Can Elevate Arterial

pressure by Increasing Cardiac Output or Total

peripheral Resistance

The overall mechanism by which increased extracellular
fluid volume may elevate arterial pressure, if vascular capac-
ityisnot simultaneously increased, is shown in Figure 15-7,
The sequential events are (1) increased extracellular fluid
volurme (2) increases the blood volume, which (3) increases
the mean circulatory filling pressure, which (4) increases
venous return of blood to the heart, which (5) increases
cardiac output, which (6) increases arterial pressure. The
increased arterial pressure, in turn, increases réal excretion
of salt and water and may return extracellular fluid volume
to nearly normal if kidney function is normal.

Note especially in this schema the two ways in which
an increase in cardiac output can increase the arterial
pressure. One of these is the direct effect of increased car-
diac output to increase the pressure, and the other is an
indirect effect to raise total peripheral vascular resistance

e »e Increased extracellular fiuid volume

v

Increased blood volume
increased mean circulatory filling pressure

Increased venous return of blood to the heart

§

Increased cardiac output

Autoregulation

peripheral résistance

Increased arterial pressure

!

Increased urine output

.

| ]
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.

L]

.

L

.

a

:IIBIIIIIIIIIIIII

Figure 19-7 Sequential steps by which increased extracellular
fluid volume increases the arterial pressure. Note especially that
increased cardiac output has both a direct effect to increase arte-
rial pressure and an indirect effect by first increasing the total

peripheral resistance.
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through autoregulation of blood flow. The second effect

can be explained as follows.
Referring to Chapter 17, let us recall that whenever an

excess amount of blood flows through a tissue, the local
tissue vasculature constricts and decreases the blood flow
back toward normal. This phenomenon is called “autoreg-
ulation;” which means simply regulation of blood flow by
the tissue Itself. When increased blood volume increases
the cardiac output, the blood flow increases in all tissues
of the body, 80 thls autoregulation mechanism constricts
blood vessels all over the body. This in turn increases the
total peripheral resistance.

Finally, because arterial pressure is equal to cardiac
output times total peripheral resistance, the second-
ary increase in total peripheral resistance that results
from the autoregulation mechanism helps greatly in
incieasing the arterial pressure. For instance, only a
5 to 10 percent increase in cardiac output can increase
the arterial pressure from the normal mean arterial pres-
sure of 100mm Hg up to 150mm Hg. In fact, the slight
increase in cardiac output is often not measurable.

Importance of Salt (NaCl) in the Renal-Body Fluid
Schema for Arterial Pressure Regulation

Although the discussions thus far have emphasized the
importance of volume in regulation of arterial pressure,
experimental studies have shown that an increase in salt
intake is far 'more likely'to elevate the arterial pressure
than is an increase in watér intake. The reason for this is
that pure water is normally excreted by the kidneys almost
as rapidly as it is ingested, but salt is not excreted so easily.
Assalt accumulates inthe body, it also indirectly increases
the extracellular fluid volume for two basic reasons:

1. When;there is excess salt in the extracellular fluid, the
osmolality of the fluid increases, and this in turn stim-
ulates the thirst center in the brain, making the person
drink extra amounts of water to return the extracel-
Jular salt concentration to normal. This increases the
extracellular fluid volume.

2. The increase in osmolality caused by the excess
salt in the extracellular fluid also stimulates the
hypothalamic-posterior pituitary gland secretory
mechanism to secrete increased quantities of antidi-

uretic hormone. (This is discussed in Chapter 28.) The
antidiuretic hormone then causes the kidneys to reab-
sorb greatly increased quantities of water from the renal
tubular fluid, thereby diminishing the excreted volume
of urine but increasing the extracellular fluid volume.

Thus, for these important reasons, the amount of
salt that accumulates in the body is the main determi-
nant of the extracellular fluid volume. Because only small
increases in extracellular fluid and blood volume can
often increase the arterial pressure greatly if the vascular
capacity is not simultaneously increased, accumulation of
even a small amount of extra salt in the body can lead to
considerable elevation of arterial pressure.

!

Scanned with CamScanner



Unit v The Circulation

As discussed Previously, ralsing salt intake in the
absence of impaired kidney function or excessive for-
mation of antinatriuretic hormones usually does not
increase arterial pressure much because the kidneys rap-
idly eliminate the excess salt and blood volume is hardly
altered.

Chronic Hypertension (High Blood Pressure)
Is Caused by Impaired Renal Fluld Excretion

When a person is said to have chronic hypertension (or
“high blood pressure”), it is meant that his or her mean
arterial pressure is greater than the upper range of the
accepted normal measure. A mean arterial pressure
greater than 110mm Hg (normal is about 90mm Hg) Is
considered to be hypertensive. (This level of mean pres-
Sure occurs when the diastolic blood pressure is greater
than about 90mm Hg and the systolic pressure is greater
than about 135mm Hg.) In severe hypertension, the mean
arterial pressure can rise to 150 to 170mm Hg, with dia-
stolic pressure as high as 130 mm Hg and systolic pressure
occasionally as high as 250mm Hg.

Even moderate elevation of arterial pressure leads to
shortened life expectancy. At severely high pressures—
mean arterial pressures 50 percent or more above nor-
mal—a person can expect to live no more than a few more
years unless appropriately treated. The lethal effects of
hypertension are caused mainly in three ways:

1. Excess workload on the heart leads to early heart fail-
ure and coronary heart disease, often causing death as
aresult of a heart attack.

2. The high pressure frequently damages a major blood
vessel in the brain, followed by death of major por-
tions of the brain; this is a cerebral infarct. Clinically
it is called a “stroke” Depending on which part of
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Lessons learned from the ty!.;e of hype"tensi(,n "
“volume-loading hypertension” have been Cruciy b
understanding the role of the renal—-body- fluig o ,,l,r'
mechanism for arterial pressure "’eg“L?tlon. Volum;
loading hypertension means hypertens_mn Causeg |
excess accurnulation of extracellular fluid in g, bgd{l
some examples of which follow. .

imental  Volume-Loading H .
Caﬁzzjrby Reduced Renal Mass Alt_ang wnhng?‘mf{}
taneous Increase in Salt Intake. Figure 19.g Shows
a typical experiment demonstr:.itmg_ volume- o, ding
hypertension in a group of dogs wnth'70 Perce.nt of the;,
kidney mass removed. At the ﬁrst. circled point on the
curve, the two poles of one of the kidneys were emoveg
and at the second circled point, the entire opposite kidney
was removed, leaving the animals with only 30 percep, of
normal renal mass. Note that removal of this amoyp¢ of
kidney mass increased the arterial pressure an:average of
only 6mm Hg. Then, the dogs were given salt solutiop (,
drink instead of water. Because sa/t solution fails to quench
the thirst, the dogs drank two to four times the normyg|
amounts of volume, and within a few days, their average
arterial pressure rose to about 40mm Hg above norma]
After 2 weeks, the dogs were given tap water again instead
of salt solution; the pressure returned to normal within
2 days. Finally, at the end of the experiment, the dogs
were given salt solution again, and this time the pressure

0:9% NaCl(| Tap water 0.9% NaCl

0 20 40

Figure 19-8 Average effect on arterial pressure of drinking 0.9 percent
renal tissue removed. (Redrawn from Langston JB, Guyton AC, Douglas B
function in partially nephrectomized dogs. Circ Res 12:508, 1963, By perm
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rose much more rapidly to an even higher level becauge
the dogs had already learned (o tolerate the salt solution
and therefore drank much more. Thus, this experiment
demonstrates valume-loading hypertension.

If the reader considers again the basic determinants
of long-term arterial pressure regulation, he or she can
immediately understand why hypertension accurred
in the volume-loading experiment of Figure 19-8, First,
reduction of the kidney mass to 30 percent of normal
gpeady reduced the ability of the kldneys to excrete salt
and water. Therefore, salt and water accumulated In the
body and in a few days raised the arterial pressure high
enough to excrete the excess salt and water intake.

Sequential Changes in Circulatory Function
During the Development of Volume-Loading Hyper-
tension. Itisespecially instructive to study the sequential
changes in circulatory function during progressive
development of volume-loading hypertension. Figure
19-9 shows these sequential changes. A week or so before
the point labeled “0" days, the kidney mass had already
been decreased to only 30 percent of normal. Then, at

this point, the intake of salt and water was increased
to about six times normal and kept at this high intake
thereafter. The acute effect was to increase extracellglar
fluid volume, blood volume, and cardiac output to 20 to
40 percent above normal. Simultaneously, the arterial
pressure began to rise but not nearly so much at first as
did the fluid volumes and cardiac output, The reason. for
this slower rise in pressure can be discerned by studying
the total peripheral resistance curve, which shows
an initial decrease in total peripheral resistance. This
decrease was caused by the baroreceptor mechanism
discussed in Chapter 18, which tried to prevent the rise
in pressure. However, after 2 to 4 days, the baroreceptors
adapted (reset) and were no longer able to prevent therise
in pressure. At this time, the arterial pressure had risen
almost to its full height because of the increase in cardiac
output, even though the total peripheral resistance was
still almost at the normal level.
After these early acute changes in the circulatory vari-
ables had occurred, more prolonged secondary changes
occurred during the next few weeks. Especially important
was a progressive increase in total peripheral resistance,
while at the same time the cardiac output decreased almost
all the way back to normal, mainly as a result of the long-
term blood flow autoregulation mechanism that is dis-
cussed in detail in Chapter 17 and earlier in this chapter.
That is, after the cardiac output had risen to a high level
and had initiated the hypertension, the excess blood flow
through the tissues then caused progressive constriction
of the local arterioles, thus returning the local blood flows
in all the body tissues and also the cardiac output almost
all the way back to normal, while simultaneously causing a
secondary increase in total peripheral resistance.
Note, too, that the extracellular fluid volume and blood
volume returned almost all the way back to normal along
with the decrease in cardiac output. This resulted from

two factors: First, the increase in aiteriolar resistance
decreased the capillary pressure, which sllowed the fluid
In the tissue spaces to be absorbed back into the blood,
Second, the elevated arterial pressure now caused the kid-
neys to excrete the excess volume of fluid that had intially
anccumulated In the body.

Last, let us take stock of the final state of the circula-
tion several weeks after the initial onset of volume load.
Ing. We find the following effects:

G
<,

1. Hypertension
2, Marked Increage in total peripheral resistance

3. Almost complete return of the extracellular fluid vol-
ume, blood volume, and cardiac output back to normal

Therefore, we can divide volume-loading hyperten-
sion into two separate sequential stages: The first stage
results from increased fluid volume causing increased
cardiac output. This increase in cardiac output mediates
the hypertension. The second stage in volume-loading ‘
hypertenision is characterized by high blood pressure and
high total peripheral resistance but return of the cardiac ,
output so near to normal that the usual measuring tech- .
niques frequently cannot detect an abnormally elevated
cardiac output.

Blood Extracellular
fluid volume
(liters)

(liters)

(L/min)

Total

peripheral )
resistance Cardiac output volume

(mm Hg/L/min)

Arterial
pressure
(mm Hg)

Days

Figure 19-9 Progressive changes in important circulatory sys- b
te?n variables durﬁ\g the first few weeks of vo{ume-lqading hyper-
tension. Note especially the initial increase in cardiac output as 1
the basic cause of the hypertension. Subsequently, the autoregu- _
lation mechanism returns the cardiac output almost to nor_mal

while simultaneously causing a secondary increase in total ,penph(—j ]
eral resistance. (Modified from Guyton AC: Arterial Pressure an
Hypertension. Philadelphia: WB Saunders, 1980.)
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Thus, the increased total peripheral resistance in vol-
ume-loading hypertension occurs after the hypertension
has developed and, therefore, is secondary to the hyper-
tension rather than being the cause of the hypertension.

Volume-Loading Hypertension in Patlents Who

Have No Kidneys but Are Being Maintalned on an
Artificial Kidney

When a patient is maintained on an artificial kidney, it is
especially important to keep the patient’s body fluid vol-
ume at a normal level—that is, it is important to remove
an appropriate amount of water and salt each time the
patient is dialyzed. If this is not done and extracellular
fluid volume is allowed to increase, hypertension almost
invariably develops in exactly the same way as shown in
Figure 19-9. That is, the cardiac output increases at first
and causes hypertension. Then the autoregulation mech-
anism returns the cardiac output back toward normal
while causing a secondary increase in total peripheral
resistance. Therefore, in the end, the hypertension is a
high peripheral resistance type of hypertension.

Hypertension Caused by Primary Aldosteronism

Another type of volume-loading hypertension is caused
by excess aldosterone in the body or, occasionally, by
excesses of other types of steroids. A small tumor in'one
of the adrenal glands occasionally secretes large quan-
tities of aldosterone, which is the condition called “pri-
mary aldosteronism” As discussed in Chapters 27 and 29,
aldosterone increases the rate of reabsorption of salt and
water by the tubules of the kidneys, thereby reducing the
loss of these in the urine while at the same time causing an
increase in blood volume and extracellular fluid volume.,
Consequently, hypertension occurs. And, if salt intake is
increased at the same time, the hypertension becomes
even greater. Furthermore, if the condition persists for
months or years, the excess arterial pressure often.causes
Pathological changes in the kidneys that make the kidneys
retain even more salt and water in addition to that caused
directly by the aldosterone. Therefore, the hypertension
often finally becomes lethally severe,

Here again, in the early stages of this typeof hyperten-
sion, the cardiac output s increased, but in later stages,
the cardiac output generally returns almost to normal
while the total peripheral resistance becomes secondarily
elevated, as explained earlier in the chapter for primary
volume-loading hypertension,

The Renin-Angiotensin System: Its Role
in Arterial Pressure Control

Aside from the capability of the kidneys to control arterial
pressure through changes in extracellular flujd volume,
the kidneys also have another Powerful mechanism for
controlling pressure. It is the renin-angiotensin system,
Renin is a protein enzyme released by the kidneys
when the arterial pressure falls too low. In turn, jt raises

220

the arterlal pressure in several ways, thus helping oy, !
rect the initial fall in pressure. o

Components of the Renin-Angiotensin SYSten,

Figure 19-10 shows the functional steps by h oy,
renin-angioténsin system helps to regulate artey,

pressure.

Renin Is synthesized and stored in an inactiye for,

called prorenin in the juxtaglomeru'lar cells (Jg cells o
the kidneys. The ]G cells are modified smooyy Mg,
cells located in the walls of the _aferem arterioles iy, .
diately proximal to the glomerzf!z. Whel:: the arteri) pre
sure falls, intrinsic reactions in the ku.!neys the"wclv“
cause many of the prorenin molecu]es‘ in the JG g1,
split and release renin. Most of the renin enters the reng
blood and then passes out of the kidneys to Circuly,
throughout the entire body. che\ter, small amounys o;’
the renin do remain in the local fluids of the kidney nd
initiate several intrarenal functions.

Renin itself is an enzyme, not a vasoactive substanc,
As shown in the schema of Figure 19-10, renin acts _
matically on another plasma protein, a globulin calleg
renin substrate (orangiotensiriogen), to release a 10-4r-
acid peptide, angiotensin I. Angiotensin I has milq vigo.
constrictor properties but not'enough to cause significan
changes in circulatory function. The renin Persists in the
blood for 30 minutes to 1 hour and continues to cause for.
mation of still more angiotensin I during this entire time,

Within a few seconds to minutes after formation of
angiotensin I, two additional amino acids are split from

Decreased
arterial pressure

Renin (kidney)

Renin substrate
(angiotensinogen)
Angiotensin |
Converling

enzyme
(lung)

Angiotensin ||

Anglotensinase
\ (Inactivated)

Renal retention Vasoconstriction

of salt and water /

Increased arterial pressure

Figure 19-1¢ Renin-angiotensin vasoconstrictor mechanism for

arterial pragsyre control,
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A
irh the angjoten?in Ito for_m the 8-amino acid peptide angio-
»Qh tensin 11. This conversion occurs to a great extent in the
il‘tethe jungs while the bload flows through the small vessels of
r,'ar the lungs; catalyzed by an enzyme called angiotensin con-

N verting enzyme that is present in the endothellum of the

51]2%71 Jung vessels. Other tissues such as the kidneys and blood
N ) of vessels also contain converting enzyme and therefore
: qu form angiotensin I locally.

"y, ¢ Angiotensin II is an extremely powerful vasoconstric-

p"es tor, and it also affects circulatory function in other ways
Sely, as well. However, it persists in the blood only for 1 or 2

g LY minutes because it is rapidly inactivated by multiple blood
l'entﬁ and tissue enzymes collect_:Ively called angloteninases.
] ol During its persistence in the blood, ariglotensin II has
ltsate two principal effects that can elevate arterial pressure.
Sof The first of these, vasoconstriction in many areas of the
ang body, occurs rapidly. Vasoconstriction occurs intensely in
the arterioles and much less so in the veins, Constriction
Neg of the arterioles increases the ‘total peripheral resistance,
Nzy, thereby raising the arterial pressure, as demonstrated
llled at the bottom of thg schema in Figure 19-10. Also, the
ting mild constriction of the veins promotes increased venols
o return of blood to the heart, thereby helping ‘the heart
ang pump against the increasing pressure.
the The second prir_mipal means by which angiotensin II
or. increases the arterial pressure is to decrease excretion of
. both salt and water by the kidneys. This slowly increases
] the extracellular fluid volume, which then'increases the
of arterial pressure during subsequent hours arid days. This
'm long-term effect, acting through the extracellular fluid

volume mechanism, is even more powerful than the acute
vasoconstrictor mechanism in eventually raising the arte-
rial pressure.

Rapidity and Intensity of the Vasoconstrictor
Pressure Response to the Renin-Angiotensin
System

Figure 19-11 shows a typical experiment demonstrating
the effect of hemorrhage on the arterial pressure under
two separate conditions: (1) with the renin-angiotensin
system functioning and (2) without the system func-
tioning (the system was interrupted by a renin-blocking
antibody). Note that after hemorrhage—enough to cause

o 100 With

E renin-angiotensin system
E 751

2 o —
g 50+ “ = "Without

? renin-angiotensin system
a

-E 259 Hemorrhage

£

< 0 1 1 1

(') 1l0 20 30 40
Minutes

Figure 19-11 Pressure-compensating effect of the renin-angiotensin
vasoconstrictor system after severe hemorrhage. (Drawn from
experiments by Dr. Royce Brough.)

Chapter 19 Role of the Kidneys in Long-Term Control of Arterial Pressure and in Hypertension

acute decrease of the arterial pressure to 50 mm Hg—the

arterial pressure rose back to 83 mm Hg when the renin-

anglotensin system was functional. Conversely, it rose

to only 60mm Hg when the renin-angiotensin system

was blacked. This shows that the renin-angiotensin sys-
tem Is powerful enough to return the arterial pressure at
least halfway back to normal within a few minutes after
severe hemorrhage. Therefore, sometimes it can be of
lifesaving service to the body, especially in circulatory
shock.

Note also that the renin-angjotensin vasoconstrictor
system requires about 20 minutes to become fully active.
Therefore, It is somewhat slower to act for blood pressure
control than are the nervous reflexes and the sympathetic
norepinephrine-epinephrine system.

Effect of Angiotensin I in the Kidneys to Cause
Renal Rétention of Salt and Water—An Important
Means for Long-Term Control of Arterial Pressure

Angiotensin Il causes the kidneys to retain both salt and
water in two major ways:

1. Angiotensin1l acts directly on the kidneys to cause salt
and water retention.

2. Angiotensin II causes the adrenal glands to secrete
aldosterone, and the aldosterone in turn increases salt
and water reabsorption by the kidney tubules.

- =

Thus, whenever excess amounts of angiotensin II
circulate in the blood, the entire long-term renal-body
fluid mechanism for arterial pressure control automati-
cally Becomes set to a higher arterial pressure level than
normal.

Mechanisms of the Direct Renal Effects of Angiotensin
Il to Cause Renal Retention of Salt and Water.
Angiotensin has several direct renal effects that make the
kidneys retain salt and water. One major effect is to con-
strict the renal arterioles, thereby diminishing bload flow
through the kidneys. The slow flow of blood reduces the
pressure in the peritubular capillaries, which causes rapid .
reabsorption of fluid from the tubules. Angiotensin I1 also : ‘
has important direct actions on the tubular cells them- .
selves to increase tubular reabsorption of sodium and
water. The total result of all these effects is significant,
sometimes decreasing urine output to less than one fifth
of normal.

Stimulation of Aldosterone Secretion by Angiotensin
Il, and the Effect of Aldosterone to Increase Salt and
Water Retention by the Kidneys. Angiotensin I is also
one of the most powerful stimulators of aldosterone secre-
tion by the adrenal glands, as we shall discuss in relation
to body fluid regulation in Chapter 29 and in relation to
adrenal gland function in Chapter 77. Therefore, when
the renin-angiotensin system becomes activated, the rate 3 '. N
of aldosterone secretion usually also increases; and an 4
important subsequent function of aldosterone is to cause il
marked increase in sodium reabsorption by the kid- .
ney tubules, thus increasing the total body extracellular
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fluid sodjym, This increased sodium then causes water
retention, as ajregdy explained, increasing the extracel-
lular fluid volume and leading secondarily ta still more
long-term elevation of the arterial pressure,

Thus both the direct effect of angiotensin on the kidney
und s effect acting through aldostorone important In
long-term arteria) pressure control, However, research In our
Iaboratory hag suggested that the direct effect of angiotensin
on the kidneys s Perhaps three or more times as potent as
the indirect effect acting through aldosterone—even though

the indirect effect js the one most widely known.

Quantitative Analysis of Arterial Pressure Changes Caused
by Anglotensin 1), Figure 19-12 shows a quantitative analy-
sls of the effect of angiotensin in arterial pressure coritrol.
This figure shows two renal output curves, as well g5 a line
deplcting a normal level of sodium intake. The left-hand

of angiotensin I to angiotensin II, The right-hand curve was
Mmeasured in dogs infuseq continuously with angiotensin II
atalevel about 2.5 times the normal rate of angiotensin for-
mation in the blood. Note the shift of the renal output curve
toward higher pressure levels under the influence of angio-
tensin I This shift i caused by both the direct effects of
angiotensin II on, the kidney and the indirect effect acting
through aldosterone Secretion, as explained earlier.
Finally, note the two

water can have a powerful effect
in promoting chronic elevation of the arterial pressure.

Angiotensin levels in the blood
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Renin-Anglotensin System j,
m:lllen:aflgl‘:g a Normalﬂl\l’tel:zl Pressure Despir,
Large Varlations in Salt tha ) "

st important functions of the . in.
sy el oo ¢ geon o
small or very large amoun ; 1 ﬂmd out Calllinggl‘:y
changes In cither extrace lll ar lul volume or "r[:‘
rlal pressure. This functi?‘n 5 e:;lp air;]ed b the Chey
in Figure 19-13, which s e : a; the Initja| o et
Increased salt Intake Is to e ;va et 7 ;.-xtrar:ellular ﬂuw
volume, In turn elevating the arteria Pressure, e:j
the Increased arterial pressurelfauses Increagey blo 4
flow through the kidneys, as well as other effect, "fh)i::
reduce the rate of secretion of renin ¢o , Mug e
level and lead sequentially to decreased reny , g
of salt and water, return of the extracelly]a; fluig "Olu;,:
almost to normal, and, finally, return ofth‘e arterjy ™
sure also almost to normal, Thus, the renin-ap, ioteng,
system is an automatic feedback mechanisg, that help
maintain the arterial pressure at or near the NOrmy] [g,,
even when salt intake is increased. Or, whep, salt jp,
is decreased 'below normal, exactly opposite effect,
ke place.
ta Tc,p emphasize the efficacy of the renjn.angjmemili
system in controlling arterial pressure, when the
functions normally, the Ppressure rises no more thgy, 4
6mm Hg in response to as much as a 50-fold incregq, i
salt intake. Conversely, when the renin-angjotengi, iy
tem isblocked, the same increase in salt intake SOMetirme
causes the pressure to rise 10 times the normal increae
often as much as 50 to 60mm Hg.

Increased salt intake
Increased extracellular volume
Increased arterial pressure
Decreased renin and angiotensin
Decreased renal retention of salt and water

Retumn of extracellular volume almost to normal

Return of arteria) Pressure almost to normal

Figure 19-13 Sequential events by which increased salt iptake
Increases the arterj| Pressure, but feedback decrease in activity of

the renin angiotensin System retums the arterial pressure alm
to the normal leve|,
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Types of Hypertension in Which Angiotensin

s Involved: Hypertension Caused by a Renin-
secreting Tumor or by Infusion of Anglotensin Il
Occasionally a tumor of the renin-secreting juxtaglo-
merular cells (the JG cells) occurs and secretes tremen-
dous quantities of renin; in turn, equally large quantities
of angiotensin I are formed. In all patients in whom this
has occurred, severe hypertension has developed, Also
when large amounts of angiotensin Il are Infused contlnu:
ously for days or weeks into animals, simllar severe long-
term hypertension develops.

We have already noted that angictensin II can Increase

the arterial pressure in two ways:

1. By constricting the arterioles throughout the entire
body, thereby increasing the total peripheral resistance
and arterial pressure; this effect occurs within seconds
after one begins to infuse angiotensin.

2. By causing the kidneys to retain salt and water; over a
period of days, this, too, causes hypertension and is the
principal cause of the long-term continuation of the
elevated pressure.

“One-Kidney" Goldblatt Hypertension. When one

kidney is removed and a constrictor is placed‘on the renal
artery of the remaining kidney, as shown in Figure 19-14,
the immediate effect is greatly reduced pressure in the
renal artery beyond the constrictor, as demonstrated by
the dashed curve in the figure. Then, within seconds or
minutes, the systemic arterial pressure begiﬁs to-rise and
continues to rise for several days. The pressure usually
rises rapidly for the first hour or so, and this is followed
by a slower additional rise during the next sevetal days.
When the systemic arterial pressure reaches its new stable
pressure level, the renal arterial pressure (the dashed
curve in the figure) will have returned almost all the way
back to normial. The hypertension produced in this way
is called ‘one-kidney” Goldblatt hypertension in honor
of Dr. Harry Goldblatt, who first studied the important
quantitative features of hypertension caused by renal
artery constriction.

The early rise in arterial pressure in Goldblatt hyper-
tension is caused by the renin-angiotensin vasoconstric-
tor mechanism. That is, because of poor blood flow
through the kidney after acute constriction of the renal
artery, large quantities of renin are secreted by the kidney,
as demonstrated by the lowermost curye in Figure 19-14,
and this increases angiotensin II'and aldosterone in the
blood. The angiotensin in turn raises the arterial pressure
acutely. The secretion of renin rises to a peak in an hour
or so but returns nearly to normal in 5 to 7 days because
the renal arterial pressure by that time has also risen back
to normal, so the kidney is no longer ischemic.

The second rise in arterial pressure is caused by reten-
tion of salt and water by the constricted kidney (that is
also stimulated by angiotensin II and aldosterone). In'5 to
7 days, the body fluid volume will have increased enough

Aenal artery consfricted  Constriction released

l 8ystemic arterial l

ressure
200 J ’
g |
E 160 - H
E '
2 Distal renal arterial :
5100 - pressure
g100 . _J
Iz
o ['[,_I
50. 1 q

-
3 77
E -
g N Renin secretion
ggv i
E 11

0 T 1 L} 1 1 L 1 1
0 4 8 12
Days

Figure 19-14 Effect of placing a constricting clamp on the
renal artery (of ‘one tkidney after the other kidney has been
remoyed. Note the changes in:systemic arterial pressure, renal
artery pressure distal to the clamp, and rate of renin secretion.
The resulting hypertension is called “one-kidney” Goldblatt
hypertension.

to raise the arterial pressute to its new sustained level. The
quantitative value of this sustained pressure level is deter-
mined by the dégree of constriction of the renal artery.
That is, the aortic pressure must rise high enough so that
renal arterial pressure distal to the constrictor is enough
to cause normal urine output.

A-similar scenario occurs in patients with stenosis of
the renal artery of a single remaining kidney, as some-
times occurs after a person receives a kidney transplant.
Also, fiinctional or pathological increases in resistance
of the renal arterioles, due to atherosclerosis or exces-
sive levéls of vasoconstrictors, can cause hypertension
through the same mechanisms as constriction of the main

renal artery.

“Two-Kidney” Goldblatt Hypertension. Hyper-
tension also can result when the artery to onl)t one
kidney is constricted while the artery to the other kidney
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is normal. Thjg hypertension results from the following
mechanism; T,

€ constricted kidney secretes renin and
and water because of decreased renn!
In this kidney. Then the "normal’
Fetains salt and water because of the
by the ischemic kidney. This renin
of angiotension 11 and aldosterone,
! ulate to the opposite kidney and cause
It also to retain salt ang water. Thus, both kidneys, but
for different reasons, become salt and water retainers.
Consequently, hypertension develops.
The clinical counterpart of “two-kidney Goldblatt”
hypertension occurs when there is stenosis of a single
renal artery, for exa

mple caused by atherosclerosis, in a
Person who has two kidneys,

also retains salt
arterial pressure
OPposite kidney
renin produced
causes formation
both of which circ

Hypertension Caused by Diseased Kidneys That
Secrete Renin Chronically. Often, patchy areas of
one or both kidneys are diseased and become ischemic
because of locaj vascular constrictions, whereas ‘other
Neys are normal. When this occurs,

almost identical effects occur as in the two-kidney

type of Goldblatt hypertension. That is, the patchy

ischemic kidney tissye Secretes renin, and this in turn,

acting through the formation of angiotensin IJ, causes

water. Indeed, one of

hypertension, especially in 6lder persons, issuch patchy
ischemic kidney disease,

Other Types of Hypertension Caused
by Combinations of Volume Loading
and Vasoconstriction

Hypertension in the Upper Part of the Body Caused by
Coarctation of the Aorta, One out of every few thousand
babies is born with Ppathological constriction or blockage
of the aorta at a point beyond the aortic arterial branches
to the head and arms but proximal to-the renal arteries, a
condition called coarctation of the aorta, When this occurs,
blood flow to the lower body is carried by multiple, small
collateral arteries in the body wall, with much v:

‘ vascular
resistance between the upper aorta and the lower aofta.
Asa consequence,

the arterial pressure in the upper part
of the body may be 40to 50 percent higher than thatin the
lower body.

The mechanism of this upper-body hypertension is
almost identical to that of one-kidney Goldblatt hyper-
tension. That is, when a constrictor is placed on:the aorta

above the renal arteries, the blood pressure in-both kid-
neys at first falls, renin is secreted, angiotensin and aldos-
terone are formed, and hypertension occurs in the upper
body. The arterial pressure in the lower body at the leve] of
the kidneys rises approximately to normal, but high pres-
sure persists in'the upper body. The kidne
ischemic, so secretion of renin an
and aldosterone return to norm

Ys are no longer
d formation of angiotensin
al. Likewise, in coarctation

body is ugually
almost normal, whereas the pressure in the upper bady is far
higher than normal.
224

Autoregulation In the Hypertensj,,,
Aorl:;lt Cz;rﬁ“w: A significant feature of h p:r“:u by
caused by aortlc conrctation is that blood f,,, in the o
where the pressure may be 40 to 60 percep, Bboyg | 41,
is almost exactly normal. Also, blood flow 1, the leg, ;l"“ai
the pressure is not elevated, is almost exactly oy, “he,
could this be, with the pressure in the upper b, dy 4! e,
percent greater than In the lower bﬂd}’?l The anyy, : l;‘ )
that there are differences in vasoconstrictor ’“buznt Nep
the blood of the upper and lower hody, becayge the €,
blood flows to both areas. Likewise, the Nervyyg sy:"h‘
innervates both areas of the circulation Similary, ri:h.-.
Is no reason to belleve that there s a differep, IN ey, ere
control of the blood vessels. The only reasongab), , *w;m
that long-term autoregulation develops so nearly “”’we: x:
that the local blood flow control Mechanigmy ve ch]
pensated almast 100 percent for the differences inpreg™
The result is that, in both the high-pressure g, :;;
low-pressure area, the local blood flow is controfleq 5
exactly in accord with the needs of the tissue ang not,
accord with the level of the pressure. One of the req, "
these observations are so important is thag they demo,
strate how nearly complete-the long-term Autoregulatiy,
process can be. . .

Hypertension in Preeclampsia (Toxemia of P"egﬂancy)_
Approximately 5 to 10 percent of expectant mo
develop: a syndrome called, preedqmpsla (also calleg
emig.of pregnancy). One of the manifestations of Preecla,
sia is hypertension that usually subsides after delivery ofthe
baby: Although the precise causes of Preeclampsig are ot
completely undei'stood,fi;cher‘xiia of the placenta anq sub-
sequent release by the placenta of toxic factors are believeq

to play a role‘in‘causing many of the manifestations of
disorder, inchiding hypertension in the mother. Substances
released by the ischemic/placenta, in turn, cause dysfinctigy
of vascular endothelial cells throughout the body, including
thelblood vessels of ‘the kidneys. This endothelial dysfun
tion decreases release of nitric oxide an
tor substances, causing Vvasoconstriction,
fluid filtration from the glomerul; into
impaired renal-pressure natriuresis,
hypertension.

Another pathological abnormality that may contrib-
ute to hypertension in Preeclampsia is thickening of the

kidney ‘glomerular meémbranes (perhaps caused by an
which also reduces the rate of

autoimmune process),

glometular flaid filtration. For obvious reasons, the arte-
rial'pressure level required to cause normal formation of
urine becomes elevated, and the long-term level of arte-
rial pressure becomes correspondingly elevated. These
patients are especially prone to extra degrees of hyperten-
sion when:they haye excess salt intake.

Neurogenic Hypertension, Acyte neurogenic hypertension
can be caused by strang stimulation of the sympathetic nervous
system. For instance, when a Person becomes excited for any

uring states of anxiety, the sympathetic sys-
tem becotnes excessively stimulated, peripheral vasoconstric-
tion oceurs everywhere in the body, and acute hypertension
ensues,

Acute Neurg,
the Barorecept
genic hyp
the bar

d other vasodils-
decreased rate of
the renal tubules,
and development of

genic Hypertension Caused by Sectioning
or Nerves. Another type of acute neuro
ertension occurs when the nerves leading from
Oreceptors are cut or when the tractus solitarius

they are -
ing featw
excessive
some cas
tions that
the renal
mutation
that stin
Thus, in
thus far, :
to be inc
lular fluj
and alj of
of huma,

"Prirnary
Aboyt 99
SiOn are sa

OWn a¢

hege ter
u."k'IOWH ¢
Siop that

al‘tety sten
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'g&n“r,}?]{ s destroyed in cach

3, ""h y is destroyed in each side of the medulla oblongata (these

;na{ N are the areas where the nerves from the carotid and aort|
9 H“\: parareceéptors connect in the brain stem). The suzl,:-]tc

&y, t%“ cessation of normal nerve signals from the barorec:n

tah ly N tors has the same effect on the nervous pressure contr]:[

:heqes O mechanisms as a sudden reduction of the arterial pres-

Y iy sure in the aorta and carotid arterles. That is, loss of th,
. Gys‘:la normal inhibitory effect on the vagomotor center cnuae:l
o thom by normal baroreceptor nervous signals allows the vaso
llen’ e motor center suddenly to become extremely actlve nm;

nS\v th the mean arterial pressure to Increase from 100mm

Hg to as high as 160mm Hg. The pressure retu
ly nearly normal within about 2 days because the re:;:n;(;
of the vasomotor center to the absent baroreceptor sig-

Iy N
a:‘;‘ur& nal fades away, which is called central “resetting” of the
al the barorecep_tor_ pressure control mechanism. Therefore, the
m%t neurogenic hyperteplsmn‘caused by sectloning the barore-
-'enut in ceptor nerves is mainly an acute type of hypertension, not
; Qsona a chronic type.
:e,.qmn Genetic Causes of Hypertension. Spontaneous heredi-
Lua-tjo . tary hypettension has been observed in several strains of
h animals, including different strains of rats, rabbits, and at
'a'lq. least one strain of dogs. In the strain of rats that hasbeen
Othe r)x studied t9~the greatest extent, the' Qkamoto, spontaneously
d g hypertensive rat strain, th'ere is evidence that in early devel-
la X. op_n'ffzr{t of Fhe hypertension, ‘the sympathetic nervous sys-
o fn"P- tem is cons@era?ly rore active than innotmal rats. Inithe
the later stages of this type of hypertension, structural' ¢hanges
B not have been observed: in the nephrons 'of the kidneys: (1)
 Sub. increased preglomerular renal arterial resistance and (2)
leyeq decreased permeability of the glomerular membranes,
£ thi These structural changes could also,contribute to thelong-
incey term continuance of the hypertension: In other strains.of
Ctlop hypertensive rats, impaired renal function also has been
dj observed.
e In hum, severalﬂ different gene mutations, have been
dila. ldenuﬁed. that can catise h?r?erte:nsion.‘ _'I'he;ler forms of
te of hypertension are called monogenic hyperfenswn begaﬂsa
. they are caused by mutation of a single gene. An interest-
e, ing feature of these genetic disorders-is that they all cause
t of excessive salt and water reabsorption by the renal tubules. In
some casés the increased reabsorption is due:to gene muta-
rib. tions that directly increase transport of sodium or' chloride'in
the the renal tubular.epithelial cells. In other instances, the gene
an mutations cause increased synthesis or activity of hormones
of that stimulate renal tubular, salt. and rwater ,reabsorption.
te- Thus, in all monogenic hypeiténSQ\}e diso:;c)lers rdiscovered
Lof thus far, the final common péﬂway to ‘hyperten_s'i‘on appears
te- to be increased salt reabsorption and _exRan§i_org’of e'xt.racel—
ase lular fluid voliume. Monogenic hypertension, however, is rare
. and all of thé known forms together account for less than 1%
" of human hypertension.
on
wa "Primary (Essential) Hypertension”
2), About 90 to 95 percent of all people who have hyperten-
i sion are said to have “primary hypertension," also W{dElY
n known as “essential hypertension” by many clinicx.ans.
These terms mean simply that. the hypertension is of
8 unknown origin, in contrast to those forms of hyperten-
> sion that are secondary to known causes, such as renal
n artery stenosis or monogenic forms of hypertension.

c )
hapter 19 Rolc of the Kldneys in Long-Term Control of Artenial Pressure and in Hypertension

In most patients, excess weight gain and sedentary
lifestyle appear to play a major role in causing hyperten-
sion. The majority of patients with hypertension are aver-
weight, and studies of different populations suggest that
excess welght gain and obesity may account for as much as
65 to 75 percent of the risk for developing primary hyper-
tenslon. Clinical studies have clearly shown the value of
welght loss for reducing blood pressure.in most patients
with hypertension, In fact, clinical guidelines for treating
hypertension recommend increased physical activity and
welght loss as a first step In treating most patients with

hypertension.
Some of the characteristics of primary hypertension
caused by excess weight gain and obesity include:

1. Cardiac output is increased due, in part, to the addi-
tional biood flow required for the extra adipose tissue.
However, blood flow-in the heart, kidneys, gastroin-
testinal tract, and skeletal muscle also increases with
welghtgain due to increased metabolic rate and growth
of the ofgans and tissues in response to their increased
metabolic demands. As the hypertension is sustained
for many months and years, total peripheral vascular
resistance may be increased.

2. Sympathetic nerve activity, especially in the kidneys,
is increased in'overweight patients. The causes of
increased sympathetic activity in obesity are not fully
understood, but recent studies suggest that hormones,
such as leptin, released from fat cells may directly stim-

ilate multiple regions of the hypothalamus, which, in
turn, have an excitatory influence on the vasomotor
centers of the brain medulla.

3. Angiotensindland aldosteronelevels are increased two-

fold- to threefold in many obese patients. This may be
caused partly by increased sympathetic nerve stimula-
tion, which increases renin release by the kidneys and
therefore formation of angiotensin I, which, in turn,
stimulates the adrenal gland to secrete aldosterone.

4. The renal-pressure natriuresis mechanism is impaired,
and-the kidneys will not excrete adequate amounts of
salt and water unlé§s the artérial pressure is high or
unless kidney function is somehow improved. In other
words, if the mean: arterial pressure in the essen-
tial hypertensive person is 150mm Hg, acute reduc-
tion of the mean arterial pressure artificially to the
normal v'al{ue‘, of 100mm Hg (but without otherwise !

altering renal function except for the decreased pres- Q“
sure) will cause almost total anuria, and the person "
will retain salt and water until the pressure rises back
to the elevated value of 150mm Hg. Chronic reduc-
tions in arterial pressure with effective antihyperten- i
sive therapies, however, usually do not cause marked i}
salt and water retention by the kidneys because these i
therapies also improve renal-pressure natriuresis, as i

discussed later. |

imental studiesin obese animals and obese patients

Exper. ‘ !
e natriuresis in obesity

suggest that impaired renal-pressur
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r
hypertension is caused trlrmlntly bc){uient:roeal:ife ;«:2;! st;:.lu;:_
of salt and water
g:gio:;z;?enacévity and Increased levels of nngioé:n;l‘l,:e]l;
and aldosterone. However, if hypertension s notthe klcdneys
treated, there may also be vascular damage In delncreauc
that can reduce the glomerular filtration rate an e
the severity of the hypertension. Eventually uncon lled
hypertension associated with obesity can lead to se
vascular injury and complete loss of kidney function.

Graphical Analysis of Arterial Pressure Control lr;

Essential Hypertension. Figure 19-15 is a graphica
analysis of essential hypertension. The curves of this figure
are called sodium-loading renal function curves because
the arterial pressure in each instance is ingreased very
slowly, over many days or weeks, by gradually increasing
the level of sodium intake. The sodium-loading type
of curve can be determined by increasing the level of
sodium intake to a new level every few days, then waiting
for the renal output of sodium to .come into balance with
the intake, and at the same time recording the changes in
arterial pressure.

When this procedure is used in essential hypertensive
patients, two types of curves, shown to the right in Figure
15-15, can be recorded in essential hypertensive patients,
one called (1) salt-insensitive hypertension and the other
(2) salt-sensitive Hypertension. Note inboth instances that
the curves are shifted to the right, to'a higher pressure

level than for normal peaple. Now; let uis plot on this same
graph (1) a normal level of salf intake and (2) 2 high level
of salt'intake representing 3.5 timies the' normal intake.
In the case of the person with salt-insensitive essen-
tial hypertension, the arterial pressure does not increase
significantly when changing from nofmal salt intaké to
high salt intake. Conversély, in those patients who have

== Normal
== Salt-insensitive
69 = Salt-sensitive

High intake E

take and output
mes hormal)
& o
w
R

Salt Inf
[l

50 100 150
Arterlal pressuire (mm Hg)
Figure 19-15 Analysis of arteria| presg,

P &

alysis Pressure regulation j -

salt-sensitive esseftial hypertension ang (2 sa%f-sensitl\l/: gs)se?:t,ir;l

h{ge{;ensm (Redrawn from Guyton AC, eman TG, Young pp, et

§1 ‘135 t ?,gggﬁr :ﬂd pléorr:ngr;t;rm tf’r[gOd Pressure control. Anny Revy MEd
15, 1980, on, Revi

© 1980, by Annual Reviews httpvmﬂm‘:&:viwzxsogg )Edldne'
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sentlal hypertension, the hj
:flz:g::;il[‘;ee:Zcerbaws the hypertension, ’
B'I‘wo additional points should be emphﬂSlZed; “) .
sensitlvity of blood pressure is ;::t a,t,e a,”'_"r'ﬂtx_ne ,
acterlstic—It [s a quantitative ci . raih;;shc' with g
individuals belng more salt sens :e o others. y
sensltlvity of blood pressure 1is go a fixed char, s
Instead, blood pressure usually f:ewsn;es more gy iy
tive as a person ages, especially a y r 50 or 60 years of :
The reason for the difference between salt'm“nsiu-,e
essential hypertension and 3alt'se“s‘th’e.h)’Pert'enshn .
presumably related to structural or funcnona! d'fferenq,_s
in the kidneys of these two types of hy'pertemIVe Patieny
For example, salt-sensxlflve hypet'tenswn may occyr i,
differerit types of chronic renal disease due to gradug) los
of the furictional units of tI_le kidneys (the Hephrons) o, o
normal aging as discussed in Chapter 31. Abnorma] fing,
tion'of the renin-angiotensm. s?'stem c;.m also cayse bloog
pressure to become salt sensifive, as discussed pr eviou
in this chapter.

salt intgy,

Treatment of Essential ‘Hypertension. Curreny
guidelines for treating hypertension ret?ommensl, asafirgt
step, lifestyle modifications that are a-uned at increagj
physical activity and weight loss in most patien
Unfortunately, many patients are unable to lose weight,
and pharmacological treatment with antihypertensiye
drugs must be initiated.

Two general classes of drugs are used to treat hyper-
tension: (1) vasodilator drugs that iricrease renal blood
flow and (2) natriuretic or diurétic drugs that decrease
tubular reabsorption of salt and water.

Vasodilator drugs usually cause vasodilation in m
othertissues of the body, as well as in the kidneys. Different
ones act in one of the following ways: (1) by inhibiting
sympathetic nervous signals to the kidneys or by block-
ing the action of the sympathetic transmitter substance
on the renal vasculature and renal tubules, (2) by directly
relaxing the smooth muscle of the renal vasculature, or
(3) by blocking the action of the renin-angiotensin system
on the renal vasculature of renal tubules,

Those drugs that reduce reabsorption of salt and
water by“!:he renal tubules include 'especi'ally drugs that
block active transport of sodium through the tubular
wall; this blockage in turn also Prevents the reabsorption
of water, as explained earlier in the chapter. These natri-

aretic or diuretic drugs are discussed in greater detail in
Chapter 31,

Summary of the Integrated, Multifaceted
System ?!:r Arterial Pressure Regulation
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mechanism, and (3) the chemoreceptor mechanism. Not
only do these mechanisms begin to react within seconds,
but they are also powerful. After any acute fall in pressure,
as might be caused by severe hemorrhage, the nervous
mechanisms combine (1) to cause constriction of the veins
and transfer of blood into the heart, (2) to cause increased
heart rate and contractility of the heart to provide greater
pumpingcapacity by theheart, and (3) to cause constriction
of most peripheral arterioles to impede flow of blood out
of the arteries; all these effects accur almost instantly to
raise the arterlal pressure back into a survival range.
When the pressure suddenly rises too high, as might
occur In response to rapid transfusion of excess blood, the
same control mechanisms operate in the reverse direc-
tion, again returning the pressure back toward normal.

’ , that the pressure falls suddenly, two problems confront

Sl':l . PreSSu"e control system. The first is survival, that is, to

Lctuf“ the arterial pressure immediately to a high eno\;gh

lre vel that the person can live through the acute episode.

The cecand is to return the blood volume and arterial

evenma"y to their .normal levels so that the clrculatory

gystem €an reestablish full normality, not merely back to
he Jevels required for survival.

In Chapter 18, we saw that the first line of defense
against acute changes in arterial pressure is the nervous
control system- In this chapter, we have emphasized a
second line of defense achieved mainly by kidney mecha-
nisms for Jong-term control of arterial pressure. However,
there are other pieces to the puzzle. Figure 19-16 helps to
put these together.

Figure 19-16 shows the approximate immediate (sec-

onds and minutes) and long-term (hours and days) con-

ool responses: expressed as feedback gain, of eight arterial Pressure Control Mechanisms That Act After

pressure control mechanismns. These mechanisms can be Many Minutes. Several pressure control mechanisms

divided into three groups: (1) those that react rapidly, e;;hﬂ;it significant responses only after a few minutes

within seconds or minutes; (2) those that respond over an fougwing acute arterial pressure change. Three of these,

ntermediate time period, minutes or hours; and (3) those 510w In Figure 19-16, are (1) the renin-angiotensin
that provide long-term arterial pressure regulation, days. vgsoconstrictor mechanism, (2) stress-relaxation of
months, and years. Let us see how they fit tagether as a the vasculature, and (3) shift of fluid through the tissue
total, integrated system for pressure contial. capillary walls in and out of the circulation to readjust the

blood volume as needed.

Rapidly Acting Pressure Control Mechanisms, We ha‘.'e‘ﬂréady Gesgeibed at length the role of the
Acting Within Seconds or Minutes. The rapidly renin-angiotensin vasoconstricior system to provide
acting pressure control mechanisms are almost entirely a semiacute means for increasing the ar.ten.al pressure
acute nervous reflexes or other nervous responses. Note w'hen_tl-us is necessary. The stress_-relaxanon mecha-
in Figure 19-16 the three mechanisms that show responses nism is demonstrated by the following example: When

within seconds. They are (1) the baroreceptor feedback the pressure in the blood vessels becomes too high, they
mechanism, (2) the central nervous system ischemic

become steétched and Keep on stretching more and more
for minutes or hours; as a result, the pressure in the ves-
sels falls tdwar:fi norimal. This continuing stretch of the
vessels, called stress-relaxation, can serve as an interme-
diate-term pressure “buffer”

The capillary fluid shift mechanism means simply that
any time capillary pressure falls too low, fluid is absorbed
from the tissues through the capillary membranes and
into the circulation, thus building up the blood valume
and increasing the pressure in the circulation. Conversely,
when the capﬂlary pressure rises too high, fluid is lost out

—_— Henin-angIotensin-vasoconstriction

71 of the circulation into the tissues, thus reducing the blood |
volume, as well as virtually all the pressures throughout {
51 the circulation.

These three intermediate mechanisms become mostly ‘ |
activated within 30 minutes to several hours. During this
time, the nervous mechanisms usually become less and
less effective, which explains the importance of these non- )

Acule change n pressure atths ime'__

Maximum feedback galn at optimal pressure
(=]
L

0163012 4 816321 2 4 8161 2 4 & 16 = nervous, intermediate time pressure control measures.
Seconds Minutes Hours Days
Time after sudden change In presstir Long-Term Mechanisms for Arterial Pressure
Figure 19-16 Approximate potency of various arterial pressure Regulation. The goal of this chapter has been to explain
control mechanisms at different time intérvals ?fter onset of_ a the role of the kidneys in long-term control of arterial
g:tnuzb e;ncfe t;o - Tr;e:alf{: r:js e Nots i:'::f :zt)é;:;sﬁﬁ:ﬁ:i pressure. To the far right in Figure 19-16 is shown the
) afthe renal body 0 B fro al-blood vol ressure control mechanism (which
oceurs ‘ti from Guyton AC: Arterial renal-blood volume p .
S e adelhis i is the same as the renal-body fluid pressure control :

Pressure and Hypertension. Philadelphia: WB Saunders, 1980.)
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mechanism), demonstrating that it takes a few hOlill's
to begin showing significant response. Yet it eventually
develops a feedback gain for control of arterial pressure
nearly equal to infinity. This means that this mechnniBI;ﬂ
can eventually return the arterial pressure nearly all ¢ *‘]’
way back, not merely partway back, to that pressure leve
that provides normal output of salt and water by the
kidneys. By now, the reader should be familiar with this
concept, which has been the major point of this chapter.
Many factors can affect the pressure-regulating level
of the renal-body fluid mechanism. One of these, shown
in Figure 19-16, is aldosterone, A decrease in arterial
pressure leads within minutes to an increase in aldos-
terone secretion, and over the next hour or days, this
plays an important role in modifying the pressure con-
trol characteristics of the renal-body fluid mechanism.

Especially important is interaction of the renin-

angiotensin system with the aldosterone and renal fluid
mechanisms. For instance, a person's salt intake varies tre-
mendously from one day to another. We have seen in this
chapter that the salt intake can decrease to as little as one-
tenth normal or can increase to 10 to 15 times normal and
yet the regulated level of the mean arterial pressure will
change only a few mm Hg if the renin¥angiotensin-ald05-
terone system is fully operative. But, without a functional
renin-angiotensin-aldosterone system, blood pressure
becomes very sensitive to changes in salt intake,

Thus, arterial pressure control begins with the life-
saving measures of the nervous pressure controls, then
continues with the sustaining characteristics of the inter-
mediate pressure controls, and, finally, is stabilized at the
long-term pressure level by the renal-body fluid mecha-
nism. This long-term mechanism in turn has multiple
interactions with the renin-angiotensin-aldosterone sys-
tem, the nervous system, and several other factors that

provide special blood pressure control ¢y,

iliu‘,s ' il
special purposes. oy

Bibliography L
j k HR, et ak: joint Natiq

AV, Bakris GL, Black HR nal o,

Ch?’t::cel;:lon, Detection, Evaluation, and Treatment o Hi:h ]

Pressure. National High Blood Pressure Education progyy,,, oo Py,
Committee. Seventh Report of the Joint National C°"'lrnine, ;n—,,,i
vention, detection, evaluation, and treatment of high blogg pr:.f’"
Hypertension 42:1206, 2003. inev i ‘ ity
Coffman TM, Crowley SD: Kidney in hypertension, Coyton |,
Hypertenslon 51:811, 2008. . 4,
Cowley AW. Jr: Long-term control of arterial blood Pressure, Py

72:231,1992. )
Guyton AC: Arterial pressure and hypertension, Philadelphig, 1980,

Saunders. i ‘
Guyton/AC: Blood pressure control—special role of the Kidneys ang b,

fluids, Science 252:1813, 1.991. . '
Hall JE: The kidney, hypertension, and obesity, Hypertension 41625, 0

Hall JE, Brands MW, Henegar Jl.lz Angioteftsin Il and long-term -
pressure regulation: the ‘overriding dominance of the kidney, o, [
Nephrol 10(Suppl 12):5258, 1999. _

Hall JE, Granger JP, Hall'ME, et al: Pathophysiology of i
Fuster V, O'Rourke RA, Walsh RA, et al, eds.: Hurst’s The Heart, eq 13
New York, 2008, McGraw-Hill Medical, pp 1570.

Hall JE, da Silva AA, Brandon E, et al: Pathophysiology of obesity hyperts.
sion and ‘target organ injury. In Lip GYP, Hall JE, eds: Comprehens:,»
Hypertension, New York, 2007, Elsevier, Pp 447.

LaMarca BD, Gilbert ), Granger JP: Recent progress toward the under.
standing of the pathophysiology of hypertension during preedamps;
Hypertension 51:982, 2008.

Lohmeier TE, Hildebrandt'DA, Warren S,etal:Recent insights into the inter-
actions between the baroreflex and the kidneys in hypertension, Am J
Physiol Regul'integr Comp Physiol 288:R828, 2005,

Oparil'S, Zaman MA, Calhoun DA: Pathogenesis of hypertension, Ann nterm
Med 139:761, 2003,

Reckelhoff JF, Fortepiani LA: Novel mechanisms responsible for postmeno-
pausal hypertension, Hypertension 43:918, 2004,

Rossier BC, Schild L: Epitheljal sodium channel: mendelian versus essentia

hypertension, Hypertension 52:595, 2008,

Scanned with CamScanner



