Autonomic Regulation of Blood Volume

Dean T. Mason, M.D.,* and Frederic C. Bartter, M.D.T

THERE ARE A NUMBER of mechanisms by which
the autonomic nervous system can modify the
volume or distribution of fluid within the car-
diovascular system. Changes in distribution
are taken to fall within the scope of this re-
view, because the physiologic consequences of
changes in central blood volume are compa-
rable to, and no less important than, changes
in total blood volume. Three types of change
may be distinguished: immediate changes, ac-
complished by differential constriction or re-
laxation of capacitance vessels, with immedi-
ate redistribution of blood; early changes, re-
sulting from gain or loss of fluid across
capillaries with changes in postcapillary-to-
precapillary resistance ratios; and delayed
changes, resulting from retention or excretion
of sodium and water. The role of the au-
tonomic nervous system in many of the de-
layed changes has not been established defi-
nitely, but much evidence suggests that the
autonomic nervous system may influence renal
tubular reabsorption of sodium and the secre-
tion of renin (and thus the renin-aldosterone
system) and of antidiuretic hormone (ADH),
all factors capable of changing the volume of
body fluids. Further, high- and low-pressure
receptors have been shown -to influence the
secretion of ADH, renin and aldosterone.

The purpose of this discussion is to review
the current evidence relating the autonomic
nervous system to the control of all three types
of change.

Immediate Changes: Redistribution of
Blood Volume by Venomotor Reflexes

In a consideration of the manner in which
the autonomic nervous system can increase
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most quickly the volume of blood available
for the filling of the cardiac chambers, it is
important to recall that the arterial system is
relatively noncompliant and preserves its high-
pressure characteristics by maintaining high
resistance to blood flow in the peripheral ar-
terioles, whereas the low-pressure venous sys-
tem is easily distensible and contains approxi-
mately 85 per cent of the total blood volume
of the body. The low-pressure vascular com-
partments within the chest are considered a
part of the low-pressure venous system. When
blood is added to the intravascular compart-
ment, it may be “stored” in the extrathoracic
venous capacitance compartments, which pro-
vide a large volume reserve for the atria and
ventricles in the control of cardiac output.

It is now clear that the veins participate
actively in maintaining circulatory function
through reflexes mediated by the sympathetic
nervous system, and can constrict in response
to a variety of physiologic stimuli, to augment
venous return to the heart (fig. 1). Thus, in
response to emotion, cold, norepinephrine, hy-
perventilation, and muscular exercise, veno-
constriction occurs,-* accompanied by a shift
of blood in extrathoracic venous reservoirs to-
ward the central circulation. This venocon-
striction, which is also manifest at rest in con-
gestive heart failure,>% is mediated by in-
creases in sympathetic nervous activity. Since
there is more smooth muscle relative to the
cross-sectional area in the smaller veins than
in the larger veins, a generalized augmentation
of venous tone results in mobilization of the
peripheral blood into the intrathoracic vascular
compartments. In this manner, there is en-
hancement of effective central blood volume,
and this complements the performance of the
heart in its delivery of a supply of oxygen ade-
quate to satisfy the requirements of the pe-
ripheral tissues for metabolic demands, at rest
and during the increased demands of muscular
activity. Although it is generslly agreed that

681

¥20¢ Iudy 8| uo 3senb Ad ypd°01000-000L0896 L -Z¥S0000/9E Y2 1 9/1.89/¥/6Z/4Pd-d[011e/ABO|OISBY)SBUE/WOD" JIeUYDIBA|IS ZESE//:dRY WOl papeojumod



682

VOLUME INCREASE, ml./100gm. TISSUE

D. T. MASON AND F. C. BARTTER

Anesthesiology
July-August 1968

PRE DRUG CONTROL DRUG
SUBJECT J GUANETHIDINE
#04-88-56 8
2.0 //D —
//D
Ice o _
i.5 \D//
7z
Bosal //
o .
-0 \ o Y/ Basal
-
,o/ /,
rd 9/
0.5 o ) P
Ice
o ' | 1 | ] | ! | 1
SUBJECT N el
#04-03-50 RESERPINE /0,/
o /4 =
2.0 g
//°
Basal /N
1.5 Bosal - y Ice _
™~ P o %
-
1.0 / Ice / -
/ 4
0.5 -
' | 1 | 1 1 1 1 ' | 1
SUBJECT O
A 05-05-60 METHYLDOPA
3.0 Ve
/4
o/
Bosal Basal 4
asa 7 ]
2.0 3
Ice
o
- /%
/Lf
1.0 o -
Ve
o/ \Ice 7
X .
- y
- 1.1 R R RS
o] 10 20 30 O 10 20 30

VENOUS PRESSURE,mm Hg

20z Iudy 81 uo 1senb Aq Jpd-01.000-000.0896 4 -ZrS0000/9E Y L L 9/189/7/62/4Pd-0101E/ABO|0ISBUISOUE/LIOD" IIEYOISAIIS ZESE//dNY WOl POPEO|UMOQ



Volume 29
Number 4

the efferent limb of these venoconstrictor re-
flexes for the rapid alteration of the effective
blood volume is located in the adrenergic
nerves, the position of the receptor cells is not
well established. Current evidence suggests
that such receptors may exist in the right
atrium and perhaps in other low-pressure vas-
cular components within the chest.4#
. It is attractive teleologically to speculate
that the carotid baroceptors might initiate
venomotor reflexes also. Although there is
some evidence from experiments in animals to
support the view that marked arterial hypo-
tension leads to venoconstriction,® the impor-
tance of this reflex during moderate hypoten-
sion in man has not been established.* Thus,
in human volunteers subjected to brief periods
of mild or moderate reduction in arterial pres-
sure, produced by the administration of the
arteriolar dilating substance, bradykinin, intra-
venously and the application of lower-body
negative pressure, venous constriction does not
occur.?  Studies of the vasodilator action of
nitroglycerin taken sublingually give results
consistent with this conclusion. Thus, the di-
rect venodilator effect apparently is not op-
posed by reflex adrenergic discharge to the
veins; reduction in venous tone following nitro-
glycerin is not altered by pretreatment with the
antiadrenegric drug, guanethidine®* (fig. 2).

It has been claimed that the rise in venous
tone which may occur in response to the as-
sumption of the upright posture is mediated
through the baroceptors 1> ¢ but the weight of
present evidence is opposed to this view. The
effect is transient, and disappears while other
evidence indicates that baroceptor activity is
persisﬁng'lo, 11, 15, 16, 17

These observations indicate that the sys-
temic venous bed constricts in response to sev-
eral afferent physiologic stimuli, but not to
ordinary stimulation of the high-pressure baro-
receptor reflexes. However, it is likely that
reflex venoconstriction is produced by signifi-
cant reduction of arterial pressure. Thus, dur-

AUTONOMIC REGULATION OF BLOOD VOLUME 683

NITROGLYCERIN

w
=3

ml

>

_~Control

G
T

FOREARM VASCULAR RESISTANCE
ma.Hg/ml./min.
S o
T T
\
q
A
Ty

VENOUS TONE
mm. Hg/mt,

Jtgp b g1
1k 1k

s 23 30

wl

4
N6 TIE(Nisates)

Fic. 2. Average values from studies in eight
normal subjects, showing the effects of sublingual
nitroglycerin (NTG) on forearm vascular resist-
ance (A) and venous tone (B) during a control
period (dots and solid lines) and 20 minutes after
injection of ethidine intmvenouslsm( open cir-
cles and broken lines). Before the administration
of nitroglycerin, guanethidine increased the ve-
nous tone, apparently as a result of the release of

d norepinephrine at sympathetic nerve
endings. Following gu:met.hidine3 the decline in
arteriolar l 1 p d by nitro-
glycerin was accentuated, suggesting that when
nitmglglc:rin is given in the presence of a nor-

ally-functioning sympathetic nervous system, the
fall in resistance is partially opposed by sympa-
thetically-induced reflex arteriolar constriction. In
contrast, the venodilator action of nitroglycerin
was not enhanced by sympathetic blockade.?

ing most forms of shock and syncope, reflex
rise in venous tone probably occurs. Indeed,
recent studies carried out in man have shown
vencconstriction, as a compensatory reflex, oc-
curring at the time of vasovagal syncope.*®

Fic. 1. Effects of the antiadrenergic drugs guanethidine, reserpine, and methyldopa on the

response of venous ressure-volume curves to immersion of

the hand in ice water. Venous
of venous outflow from the fore-

tone was determined by the prog

arm, and the volume of the venous bed at e‘quilibrium was measured at_each level of venous
pressure by a plethysmographic technique. The control studies are on t}'m left, and the drug

studies are on the i

kad d a reflex increase

ight. Prior to adrenergic bl

ice water p

in venous tone. At the time of the drug studies, venomotor reactivity was abolished. (Re-

produced by permission from ref. 1.)
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As the evidence thus indicates that venomo-
tor reflexes do not participate in the adrener-
gically-mediated hemodynamic adjustments to
moderate arterial hypotension, it is of interest
that some investigators contend that the con-
trol of fluid volume by the kidney (“delayed
changes™: vide infra) is relatively more sensi-
tive to moderate changes in blood volume than
is the tone of the capacitance vessels.’* Thus,
the compensatory response to small alterations
in blood volume might be mediated chiefly by
adjustments in the circulatory volume brought
about by the excretory function of the kidney,
with little or no reflex-induced change in the
distensibility of the venous beds. This conten~
tion has been based largely on studies which
have suggested: (1) that blood loss of up to
500 ml. in man does not result in venoconstric-
tion in the forearm5; and (2) that blcod loss
of this magnitude may induce retention of so-
dium and of water.2® In opposition to this
view, studies in animals have indicated that
a generalized venoconstriction occurs during
moderate hemorrhages.2»2*  This apparent
discrepancy can be explained in part if the
splanchnic venous system constricts substan-
tially more than the remainder of the systemic
capacitance bed at the time of moderate blood
loss, as reported for human subjects.

1t is clear, however, that acute extensive loss
of blood volume results in adrenergically-in-
duced venoconstriction both in animals 21+ **
and in man3 Presumably, the greatly re-
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norepinephrine to normal subjects lowers blood
volume 5 and the blood volume is diminished
in patients with elevated blood concentra-
tions of endogenous catecholamines resulting
from pheochromocytoma.®® The mechanism
by which increased blood concentrations of
norepinephrine may lead to reduction in
plasma volume probably depends upon an in-
crease in filtration pressure between the intra-
vascular and extravascular compartments: of
fundamental importance is a rse in the hy-
drostatic pressure within the capillary beds.
The intracapillary pressure is determined by
the relation between arterial and central ve-
nous pressure and, most importantly, the post-
capillary-to-precapillary resistance ratio. Since
capillary pressure is particularly sensitive to
changes in venous or postcapillary resistance,
the increase in venous resistance produced by
epinephrine or norepinephrine, as reflected by
a rise in venous tone (fig. 3),% results in loss
of fluid to the extravascular space.?s Wheress
the total blood volume is reduced following
the administration of norepinephrine, the ef-
fects of prolonged sympathetic stimulation,
produced, for example, by a lowering of pres-
sure in the carotid baroceptor areas, appear to
be more complex.® Thus, an increase in ad-
renergic impulse traffic has been shown to re-
duce capillary pressure in the skeletal muscle
circulation in cats, resulting in net transcapil-
lary movement of fluid from this large tissue
mass into the vascular system. However, no
ts of total blood volume were car-

duced cardiac filling pressure stimulates the
atrial volume receptors significantly; further,
the striking fall in cardiac output results in
severe hypotension and stimulation of the high-
pressure baroreceptors as well. * From these
considerations, venous reflexes appear to as-
sume greatest importance in the immediate,
rapid adjustments of the circulation in response
to large changes in blood volume and arterial
pressure.

Early Changes: Sympathetic Alterations
in Transcapillary Filtration

Jt is well documented that an increase in
the blood concentration of the sympathetic
neurotransmitter, norepinephrine, results in a
reduction of the plasma volume within a short
period of time. Thus, the administration of

ried out in this study.®®

In agreement with the observations indicat-
ing that increases in circulating norepineph-
rine reduce plasma volume is the documenta-
tion that, in normal man, plasma volume ex-
pansion results from interference with adre-
nergic function.® Thus, the administration of
guanethidine or phenoxybenzamine produces a
rse in blood volume, presumably by the action
of the drugs to diminish venous tone, post-
capillary resistance, and thereby capillary fil-
tration pressure. From the foregoing, it is ap-
parent that the sympathetic nervous system,
by virtue of its regulation of venous resistance,
provides a second, relatively rapid means for
the control of the circulatory volume.

An important clinical consideration relating
to the action of norepinephrine on transcapil-
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lary filtration pressure pertains to its use for
prolonged periods of time in the treatment of
hypotension. Since the blood volume is re-
duced by this action of norepinephrine, ex-
tended therapy ultimately may intensify the
shock state. This mechanism should be kept
in mind when an attempt is made to “wean”
patients from alpha-receptor adrenergic stimu-
lating agents: fluid repl t may be neces-
sary. Finally, in this regard, it is recognized
that the greatest loss of plasma volume is ob-
served during therapy with agents such as epi-
nephrine which lower peripheral arteriolar re-
sistance while elevating venous resistance *$

(fig. 3).

Delayed Changes: Possible Reflex
Mechanisms Acting Through the
Kidney on Sodium and
Water Balance

There are few definitive experiments relat-
ing blood volume to the excretory functions of
the kidney via the autonomic nervous system.
Indeed, the renal mechanisms operative in the
control of body sodium and water are them-
selves imperfectly understood. Current evi-
dence does support the view, however, that a
decrease of sympathetic activity leads to an
enhancement of sodium excretion in normal
subjects. Before we consider the evidence for
this, we must review current concepts regard-
ing the control of urinary excretion of sodium
and water.

The expansion of the volume of fluid within
the extracellular space in normal subjects, pro-
duced, for example, by the administration of
saline loads, results in an increase in salt and
water excretion. Surprisingly, the precise man-
per in which this simple intervention is trans-
lated into a diuretic response is poorly under-
stood despite intensive investigation. Whereas
a detailed consideration of this investigation is
beyond the scope of the present work, it is
necessary to review the elements known or
thought to mediate the diuresis before the role
of the autonomic nervous system can be evalu-
ated. These elements are: (1) increase in
glomerular filtration rate (GFR); (2) decrease
in distal tubular reabsorption of sodium; (3)
Jecrease in the secretion of renin and (4) of
aldosterone; (5) decrease in proximal tubular
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reabsorption of sodium; and (6) decrease in
secretion or release of antidiuretic hormone
(ADH).

With infusion of saline, there is frequently
an increase in GFR and hence in the filtered
“load” of sodium and water. The role of
the autonomic nervous system in this response
has not been established: sympathetic activity
could participate by mediating an increase
in the postcapillary-to-precapillary resistance
ratio in the glomerulus itself. (We shall see
that the increase in GFR with saline loads is
frequently greater following adrenergic block-
ade. This clearly does not rule out an au-
tonomic reflex mediating the smaller increases
frequently seen without blockade.)

Changes in distal tubular reabsorption of
sodium are generally estimated from changes
in urinary excretion of potassium or, under
rigorously controlled conditions, from changes
in excretion of “free” water. (As it is likely
that secretion of ADH changes with infusion
of saline, vida infra, free water changes in the
present context cannot be evaluated.) Infu-
sion of saline generally (but not always) in-
creases urinary potassium; accordingly, de-
creasc in the amount of sodium reabsorbed
distally probably is not important in the im-
mediate response to saline loads.

The secretion of renin is increased by so-
dium deprivation and decreased by sodium
loading* Corresponding changes in angio-
tensin secretion might influence tubular reab-
sorption of sodium both directly 3% 3% and
through control of aldosterone secretion,®3°
vide infra. Furthermore, release of renin may
be produced by catecholamines, infused di-
rectly, or released by stimulation of sympa-
thetic nerves,?® or by tyramine.3” Accordingly,
‘autonomic regulation of blood volume through
renal sodium excretion may involve the renin—
angiotensin—aldosterone system.

Aldosterone in turn may stimulate (and a
decrease in its secretion may lower) reabsorp-
tion of sodium both distally and proximally.®®
Furthermore, there is evidence of autonomic
control of aldosterone secretion. In the dog,
constriction of the common carotid arteries re-
sults in an increased secretion of aldoster-
one, 1 an action which may be mediated by
sympathetic afferent fibers, especially those
arising at the thyroid—carotid arterial junc-
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tion.® This cffect has been ascribed to
ACTH * but strong evidence that such con-
striction increases renin secretion 3% 4 makes
it equally plausible that angiotensin stimulates
the secretion of aldosterone. This stimulation
of renin release, despite increases in systemic
blood pressure, may depend on extrarenal re-
ceptors, which stimulate the juxtaglomerular
apparatus by way of the sympathetic nervous
system.*®

Proximal tubular reabsorption of sodium
may be decreased by infusion of saline with-
out any change in sodium-retaining ster-
0ids.#3 4 It is not known to what extent such
a change, which may be under hormonal con-
trol,** can be influenced by the autonomic ner-
vous system.

It has been assumed that a decrease in secre-
tion or release of antidiuretic hormone follows
expansion of the intravasculor space because
such expansion often is followed by a copious
diuresis of “free” water. Whereas ADH has
never been measured directly in this context,
there is considerable circumstantial evidence
suggesting that changes in ADH secretion, un-
der autonomic control, may initiate the diure-
sis. Until direct proof is available, however,
it is important to note that changes in proxi-
mal reabsorption of sodium and water, with-
out changes in ADH, could account for most
of the observations. These observations are
reviewed briefly.

Control of blood volume by change of ADH

and body fluid volume has been proposed and

defended by Gauer.® Thus, in dogs with in-
tact vagi, negative-pressure breathing (which
distends the atria), inflation of an atrial bal-
loon, or infusion of blood induces diuresis and
produces an increase in afferent impulse traffic
in the vagus nerves; cooling of the nerves to
8° C. abolishes both effects. On the other
hand, positive-pressure breathing (which com-
presses the atria) or removal of 50 ml. of
blood from a 10-kg. dog induces an antidiure-
sis and produces a decrease in impulse affic
in the vagus nerves. Thus, it has been sug-
gested that stimulation of volume-sensitive
stretch receptors within the walls of the left
atrjum produces a vagal afferent discharge
which, in turn, leads to inhibition of the secre-
tion of ADH and reduction in reabsorption of
water in the distal tubules. Indeed, some in-
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Fic. 4. Changes in renal sodium excretion
{Us.V), potassium excretion (UxV), inulin clear-
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ance (Cean) with infusion of 2 liters of physio-
logic saline solution before (dots and scrlidP lines)
and during (open circles and broken lines) treat-
ment with_guanethidine in a normal subject. Ad-
renergic blockade resulted in a much greater ex-
cretion of the sodium load compared to the con-
trol infusion.s*

vestigators believe that this reflex control of
ADH is the most important delayed means for
regulating the blood volume, and that changes
in aldosterone secretion and in adrenergic ner-
vous activity are brought into action only in
extreme circumstances.’® It is of interest that
direct measurement of the stimulation of ADH
secretion by changes of blood volume has been
made only in “extreme” circumstances. Thus,
rapid loss of a large volume of blood was
shown to elevate plasma ADH concentration
in dogs.t¢

Considerable evidence relates the overall
renal excretion of sodium to the autonomic
nervous system. Thus, the infusion of physio-
logic saline solution into normal subjects in
whom sympathetic blockade has been pro-
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duced by guanethidine results in a much
greater excretion of sodium than it did before
treatment with the drug.® " The glomerular
filtration rate is often, but not always, greater
after such sympathetic blockade (fig. 4) and
the increase in sodium excretion must depend
in part upon a decrease in tubular reabsorp-
tion. Similarly, an enhanced excretion of so-
dium during saline infusion is observed in pa-
tients with autonomic insufficiency.®® During
treatment with salt-retaining steroids in nor-
mal man, sodium retention and weight gain
are less after than before adrenergic block-
ades™

In normal subjects deprived of dietary so-
dium, the net urinary loss of sodium is greater
with than without autonomic blockade.s* Fur-
thermore, anesthetized dogs with one Lidney
denervated excrete more sodium from the de-
nervated than from the normal kidney.*

Studies with dog kidneys perfused from a
donor dog, and retaining only nervous connec-
Hons with the original owner, strongly support
some role for the autonomic nervous system:
such Xidneys respond with sodium loss to in-
fusion of saline into the original owner.”

The implication of left atrial mechanorecep-
tors in the mediation of diuresis has been espe-
cially attractive to clinical investigators. Thus,
this mechanism has been evoked to account for
the polyuria following paroxysmal atral ar-
rhythmias in patients.” Conversely, the
syndrome of inappropriate secretion of ADH
and the resultant oliguria seen in some pa-
tients following the operative relief of severe
mitral stenosis has been attributed to the sud-
den decrease in elevated left atrial pressure
and volumes* Electrical pacing at high fre-
quencies of the right atrium in dogs has pro-
duced diuresis.®* On the other hand, in pa-
Gents without heart disease and in cardiac
patients with and without congestive failure
studied in our laboratories, electrical pacing of
the right atrium at fast rates for prolonged pe-
riods of time did not result in diuresis of so-
dium or water. .

In congestive heart failure, there is evidence
of sustained overactivity of the autonomic ner-
vous system, presumably “in order to” support
the circulation in the face of diminished car-
diac contractility.=%3%¢ In addition, despite
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expansion of the extracellular and even the
intravascular volume, there may be paradoxi-
cal elevation of secretion of renin and aldos-
terone. Finally, there may be inappropriate
secretion of antidiuretic hormone,* prevent-
ing diuresis of water as well as of saline loads.

The precise mechanisms by which sodium
and water are retained in cardiac failure are
not clear. Because of this, and because of the
apparently paradoxical effect of adrenergic
blockade in this syndrome, the precise role of
the autonomic nervous system has not been de-
fined. It can best be assessed after a brief re-
view of the mechanisms involved.

Retention of sodium in cardiac failure does
not require a decrease in GFR and thus in
Sltered load; accordingly, it probably always
depends upon abnormally large tubular reab-
sorption of sodium. This often includes distal
reabsorption, as can be shown by the ready
production of hypokalemia. There is often ex-
cessive production of renin, which has not
been éxplained fully; it may depend upon au-
tonomic impulses. There is often a corre-
sponding increase in secretion of aldosterone,
known to promote distal tubular sodium-for-
potassium exchange. As with renin, the mecha-
nism by which aldosterone secretion is in-
creased has not been elucidated fully. There
is considerable evidence that proximal tubular
reabsorption of sodium and water is increased
abrormally in cardiac failure. Thus, the de-
fect in excretion of free water (dependent
upon selective tubular reabsorption of sodium
more distally) and of potassium (dependent
upon sodium-for-potassium exchange more dis-
tally) can be overcome by infusion of non-
reabsorbable solute, which “delivers” proximal
tubular fluid to the distal nephron.*® In some
patients, maximal blockade of the action of
aldosterone with spironolactene produces little
or no sodium diuresis%°: thus, most of the ex-

cess of sodium reabsorption is not that of dis-
tal, aldosterone-dependent sodium. A compa-
rable renal situation can be produced by con-
striction of the aorta and by constriction of
the inferior vena cava in animals “escaped”
from aldosterone; in these experiments, proxi-
mal tubular reabsorption was shown to be ex-
cessive,*s and some evidence for an hormonal
basis was adduced.s Finally, in some pa-
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tients with cardiac failure, there is evidence
that antidiuretic hormone is secreted inappro-
priately,5% 5¢ possibly because of an autonomic
reflex dependent upon the cardiovascular ab-
normalities. This defect is difficult to assess
without direct assay because of the aforemen-
tioned defect in excretion of free water, the
only in vivo index to secretion of ADH.

hereas the autonomic nervous system is
clearly overactive in many patients with car-
diac failure, attempts to define its precise role
in the actual control of blood volume have not
“been successful. The overactivity may repre-
sent in part an “attempt” to restore central
blood volume, which should be of benefit. It
doubtless involves an “attempt” to repair car-
diac functions as well.5¢ The overall increase
in blood volume might result both from early
autonomic effects (decrease of overall post-
capillary-to-precapillary resistance ratio) and
from delayed effects: the excessive renal re-
tention of sodium and water.

The question cannot be readily answered by
the use of autonomic blockade. In contrast to
normal subjects, patients with cardiac failure
show further retention of sodium and water,
an increase in blood volume and a worsening
of the state of heart failure after blockade of
the adrenergic nervous system. Retention of
sodium has been induced by guanethidine %
and by beta-receptor adrenergic blockade ¢ in
patients with heart disease who had been able
to achieve normal balance prior to blockade.

Clearly, loss of adrenergic support results in
deterioration of hemodynamic equilibrium in
such patients. Any tendency for adrenergic
blockade to enhance sodium excretion, as con-
sistently observed in normal subjects, is over-
come by its harmful effect in preventing com-
pensatory cardiovascular reflexes.  (For this
reason it is clear that antiadrenergic drugs
should not be administered to patients with
heart disease and diminished cardiac reserve.)

The syndrome of inappropriate secretion of
ADH appears in many patients with Addison’s
disease.6%- 62 These patients thus show a de-
fect in excretion of free water. As the defect
may be obviated by expansion of intravascular
volume,$* this syndrome may represent an-
other “error” in control of intravascular vol-
ume, in which autonomic impulses, arising to
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compensate for a steroid-dependent drop in
pressure, lead to release of ADH as well.

Integration of Autonomic Responses and
the Control of Blood Volume

It is clear that a number of avenues exist
through which autonomic influences may af-
fect the volume of circulating blood. How-
ever, no well-defined scheme has been estab-
lished to explain the manner in which these
factors are synthesized into an integrated au-
tonomic reflex system in order to maintain or
to augment blood volume for optimal cardio-
circulatory function. When arterial blood pres-
sure falls markedly, central blood volume is
enhanced by generalized reflex venoconstric-
tion immediately. However, present evidence
suggests that less severe degrees of hypoten-
sion are compensated for solely by reflex ar-
terioloconstriction and by sympathetic stimu-
lation of cardiac rate and contractility. With
more prolonged adrenergic discharge, there
are alterations of the postcapillary-to-precapil-
lary resistance ratio: a decrease in the ratio
will lower capillary pressure and increase in-
travascular volume by filtration from inter-
stitial spaces.

There are further, poorly-understood reflex
compensatory adjustments which attend losses
of intravascular volume. The evidence sug-
gests that small reductions in volume, sensed
perhaps by stretch receptors in the low-pres-
sure intrathoracic vascular chambers, restore
volume through the secretion of ADH, per-
haps without appreciable increase in adrener-
gic discharge to the vascular system. Large,
rapid losses of blood, however, do excite ar-
teriolar and venous reflexes. Activation of the
high-pressure baroreceptors leads to activation
of the renin-angiotensin-aldosterone system,
but the point at which this occurs (in this se-
quence, ranging from mild to severe hemor-
rhage) is difficult to determine, since it is clear
that much milder stimuli (e.g., a low-sodium
diet) can activate the system, probably with-
out the intervention of the high-pressure baro-
ceptors.

In any event, the ADH and the renin-angio-
tensin-aldosterone systems represent delayed,
relatively slow reflex mechanisms for adjust-
ment of blood volume. Evidence from experi-
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ments in which blood volume is increased is
consonant with these observations. Small in-
fusions do not appear to decrease adrenergic
discharge to the vasculature,’® but the rapid
administration of large amounts of fluid does
induce venodilation.® Thus, the response to
2 small increment in intravascular volume may
involve principally atrial stretch receptors and,
perhaps, reflex inhibition of ADH, whereas
the adjustment to a large infusion is more
complex and may include the recruitment of
higher-threshold atrial reflexes or high-pressure
baroceptors.
Summary

Changes in blood volume lead the au-
tonomic mervous system to respond with im-
mediate direct, early, and delayed indirect re-
flexes which tend to oppose the changes. The
more estensive and rapid the distortion of
blood volume, the more the immediate re-
fexes are called upon; the smaller and slower
the distortion, the greater the importance of
the delayed, indirect reflexes.
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