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I. Introduction

AN INFLUENCE of the adrenergic nervous system on
renal sodium reabsorption and excretion has been sug-
gested and disputed for decades. Ever since Claude Ber-
nard observed an increased urine flow after section of the
splanchnic nerve in the anesthetized animal (19), there
have been numerous studies that have attempted to
elucidate the role of the adrenergic nervous system in
renal sodium excretion. The nature of this controversy
has been summarized in several reviews (33, 37, 54, 109,
111). In understanding the nature of the influence of any
factor on renal sodium excretion, it is important to sep-
arate the specific effects of the factor on renal tubular
sodium reabsorption and the indirect effects mediated by
changes in systemic and renal hemodynamics. In this
manuscript, we will review the evidence that has been
used to support the hypothesis that the adrenergic nerv-
ous system directly .influences renal tubular sodium
transport.

II. Adrenergic Innervation of the Normal
Mammalian Kidney

A. Morphological Evidence

The presence of adrenergic nerve endings in the kidney
has been suggested repeatedly (9, 44, 46,72, 73, 82, 83, 87,
90, 94, 95, 113, 131) since Bradford demonstrated the
direct innervation of renal blood vessels (23). In early
studies utilizing light microscopy, adrenergic innervation
of renal tubules was not clearly confirmed because of the
nonspecific nature of the staining techniques for connec-
tive tissues. Even after development of electron micros-

copy and fluorescence histochemical techniques for cat-
echolamines by Falck et al.(42), the significance of ad-
renergic innervation of the kidney was not completely
clarified. However, the visualization of nerve terminals
in direct contact with basement membranes of proximal
and distal tubules of the monkey (91), rat (10), and dog
(36) kidney leaves little doubt that the mammalian neph-
ron is innervated by the adrenergic nervous system.
Muller and Barajas (91) have shown that bundles of
terminal varicose axons travel between the blood vessels
and the tubules of the renal cortex of the monkey. Nerve
endings in these bundles were shown to contact the
basement membranes of both proximal and distal tubules

as well as smooth muscle cells of the arterioles. In another
electron microscopic study of serial sections of the rat

juxtaglomerular apparatus, the distribution of “axon seg-
ments” was studied quantitatively for contact with the
cells of the vascular and tubular system. Nerve endings
were found on the cells of the afferent arteriole, efferent
arteriole, and renal tubules (10). In addition, synapses of
a single axon were reported to exist in both arteriolar and
tubular cells. A similar adrenergic innervation in the
basement membrane of proximal tubules was reported in
an electron microscopic and histochemical fluorescence
study of the dog kidney (36).

B. Pharmacological and Biochemical Evidence

Evidence for the presence of renal catecholaminergic
receptors including alpha-adrenergic receptors, beta-ad-
renergic receptors, and dopaminergic receptors has been
reported in many studies (13, 29, 30, 43, 75, 81, 84, 97,
100, 135). The presence of these receptors has been
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confirmed by the use of specific receptor agonists and
antagonists. For example, infusion of l-isoprenaline into
the renal artery decreased renal vascular resistance and
enhanced urine flow. These effects were diminished by
beta-adrenergic blockade with propranolol (43). Isopro-
terenol seemed to stimulate both alpha and beta recep-
tors. In high doses, isoproterenol resulted in renal vaso-
constriction, an alpha-effect that was abolished or re-
versed by phentolamine, an alpha receptor antagonist.
Low doses of isoproterenol resulted in a renal vasodila-
tory response that could not be potentiated by the alpha-
adrenergic antagonist, phenoxybenzamine. Propranolol
was again found to diminish or abolish the vasodilatation
observed after isoproterenol (75).

Dopamine also causes renal vasodilatation. The vaso-
dilatation after dopamine seems to be mediated by a
different receptor than the receptor that mediates vaso-
dilatation secondary to beta-adrenergic stimulation with
isoproterenol. Dopamine-induced renal vasodilatation
cannot be prevented by the beta-adrenergic blocking
agent, propranolol. On the other hand, haloperidol, a
dopaminergic antagonist, diminished dopamine-induced
renal vasodilatation but did not affect the vasodilatation
induced by isoproterenol or bradykinin (135). This study
suggested that dopamine acts on a specific receptor in
the renal vascular bed. A recent study with a new dopa-
mine receptor agonist, SK&F 38393 (2,3,4,5-tetrahydro-
7,8-dihydroxy-1-phenyl-1H-3-benzazepine), showed that
renal blood flow was selectively increased by this dopa-
mine agonist and was only inhibited by the selective
peripheral dopamine receptor antagonist, bulbocapnine.
These results, therefore, also supported the presence of
dopaminergic receptors in renal tissue (98). The specific
anatomic location of these dopaminergic receptors has
not yet been identified. For example, one study has
shown that dopamine causes vasoconstriction rather
than vasodilatation of the isolated perfused intralobar
renal artery (120). It is possible, therefore, that the major
renal vasodilatation of dopamine is on the smaller resist-
ance vessels of the kidney.

There are only a few studies of the distribution of
catecholamines and enzymes of catecholamine synthesis
in the renal tissue (4, 60). The content of epinephrine,
norepinephrine, and dopamine has been measured in
various tissues of different species. The catecholamine
content of renal tissue has been found to be lower than
that in the brain or heart, but the amount was compa-
rable to other organs (4, 60). Recent interest in studying
the physiological consequences of the adrenergic nervous
system and renal function will, no doubt, stimulate more
anatomical and pharmacological investigations.

III. Physiological Investigations of the Effect of
the Adrenergic Nervous System and
Catecholamines on Sodium Reabsorption
and Excretion

Alterations in adrenergic neural activity may influence
sodium reabsorption by one of several mechanisms.

Changes in adrenergic neural tone might alter systemic
hemodynamics, which may, in turn, secondarily influence
renal function and sodium excretion. In addition, changes
in renal adrenergic neural tone may alter renal sodium
excretion either indirectly through changes in renal he-

‘modynamics or directly by influencing renal epithelial

cell sodium transport. Whereas many earlier studies
failed to consider all of these possibilities when attempt-
ing to elucidate the role of the adrenergic nervous system
on sodium excretion, results of recent studies suggest
that all of these mechanisms may be important in adre-
nergically mediated control of sodium excretion.

A. Renal Nerve Stimulation and Renal Denervation
Studies

Although renal denervation has been known for some
time to be associated with a natriuresis and diuresis in
the anesthetized animal (62), the mechanism of this effect
has only recently been elucidated. Studies by DiBona
(36) have identified a level of direct electrical renal nerve
stimulation that decreased renal sodium excretion in the
absence of detectable changes in glomerular filtration
rate and renal blood flow or in the distribution of renal
blood flow. This effect could be blocked by either phen-
oxybenzamine (137) or guanethidine (114). These results
suggested that alpha-adrenergic stimulation directly in-
creases sodium reabsorption. In clearance and micro-
puncture studies in the rat (17) during renal nerve stim-
ulation, an increase in sodium reabsorption occurred in
the proximal convoluted tubule in the absence of changes
in glomerular filtration rate or renal plasma flow (17).

When renal denervation was produced in anesthetized
rats by application of phenol to the renal artery, urinary
sodium excretion increased approximately five- to six-
fold in the absence of changes in glomerular filtration
rate or renal blood flow (15). The increase in renal sodium
excretion was accompanied by a decrease in fractional
and absolute fluid reabsorption in the proximal tubule.
These results suggest that the diuresis and natriuresis
associated with renal denervation are mediated by a
direct effect of adrenergic neural tone to diminish proxi-
mal tubular sodium and water reabsorption. A similar
decrease in proximal tubule fluid and sodium reabsorp-
tion after unilateral renal denervation in the volume-
expanded rat provided further support to the concept
that renal nerves directly affect proximal nephron func-
tion (16). There is also some evidence that renal dener-
vation alters sodium reabsorption beyond the proximal
tubule. In a micropuncture study in dogs (126), unilateral
splanchnectomy was associated with a decrease in both
proximal and distal tubule sodium reabsorption. In con-
trast, however, Bello-Reuss et al. (15) demonstrated an
increase in distal tubule sodium reabsorption after renal
denervation.

Although renal nerve stimulation and renal denerva-
tion studies support the concept that adrenergic neural
tone alters sodium reabsorption by a direct effect on the
renal epithelial cell, an indirect process involving the
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renin-angiotensin system or renal prostaglandins has
only recently been examined. It is known that renal nerve
inulation increases the renal release of renin (125) and
dins (39, 45), and thus could be involved in the
effetts on tubular sodium and water reabsorption. How-
evemdies by DiBona and colleagues (38, 136) utilizing
the langiotensin antagonist, saralasin, and the cyclooxy-
ge inhibitor, indomethacin, have convincingly dem-
o ted that neither enhanced angiotensin nor prosta-
glaridin activity are necessary to demonstrate the anti-
nattiuretic effect of renal nerve stimulation. These stud-
ies gre discussed in more detail later.

Further support for the importance of neurogenic con-
troliof sodium reabsorption has been derived from studies
in which renal sympathetic nerve traffic was increased
or decreased by indirect means. When renal nerves were
stimulated indirectly by isolated carotid sinus perfusion,
thede was a significant decrease in urinary sodium excre-
tionj observed in the absence of changes in glomerular
filtration rate or in renal blood flow (138). This effect
could be completely prevented by pretreatment with
either phenoxybenzamine or guanethidine. Conversely,
wheh renal sympathetic nerve traffic was decreased by
marieuvers such as left atrial distention or stellate gan-
glioh stimulation, there was an increase in sodium excre-
tion| The increase in sodium excretion was associated
with a 40% decrease in renal sympathetic nerve activity
(44); while glomerular filtration rate and renal blood flow
remhined constant (102). These studies indicate that
physiological reflex alterations of renal sympathetic
nerves may directly alter renal tubular sodium reabsorp-
tion|

There are a considerable number of studies that dem-
o te that chronic renal denervation may also exert a

ire¢t action on renal tubular transport of sodium. Benc-
sath{ et al. (18) showed that unilateral denervation for
one to three weeks resulted in a marked ipsilateral in-
creape in sodium and water excretion without changes in
eithér glomerular filtration rate or renal cortical blood
flow; Although single nephron glomerular filtration rate
was funchanged in the chronically denervated kidney,
botﬁ late proximal and distal fractional sodium reabsorp-
tion iwere significantly decreased. In addition, there was
a debrease in absolute proximal tubular reabsorption of
sodibm and water in these denervated kidneys. More-
overj the natriuretic response to volume expansion was
incréased in kidneys denervated for one to three weeks
(33, 124, 127). These results, therefore, are similar to the
chariges in tubular sodium reabsorption observed in
acutbly denervated kidneys.

The role of the adrenergic nervous system has also
beeni evaluated in many pathophysiological states. For
exaniple, an increase in renal sympathetic activity has
been| suggested to contribute to the sodium retention of
con?stive heart failure in man and acute thoracic infe-

rior Yena cava (TIVC) constriction in animals (5, 47, 72,
112, '116). Gill et al. (47) demonstrated that systemic
pentblinium, a ganglionic blocker, augmented sodium

1

i

excretion in dogs with TIVC constriction. Azer et al. (5)
also demonstrated that renal denervation partially re-
stored the natriuretic response to saline loading in dogs
with TIVC constriction. While Schrier et al. (112) did not
alter the antinatriuretic effect of acute TIVC constriction
with renal denervation, pharmacological sympathetic
blockade did abolish the antinatriuresis. Finally, Slick et
al. (115) have attempted to evaluate the role of renal
denervation and local, rather than systemic, adrenergic
blockade in reversing the antinatriuretic effect of acute
TIVC constriction. Unilateral renal denervation, phen-
oxybenzamine, or guanethidine administration resulted
in an ipsilateral natriuresis and fall in proximal nephron
fractional reabsorption. The ipsilateral natriuresis could
not be explained by alterations in systemic or renal
hemodynamics or by a redistribution of renal blood flow.
Thus, the antinatriuresis of TIVC constriction seemed to
be mediated by a direct effect of the renal sympathetic
nerves on tubular sodium transport.

Since many of the aforementioned studies were per-
formed on anesthetized, acutely stressed animals, it is
possible that some of the findings attributed to the ad-
renergic nervous system may not be present in the un-
stressed, conscious state. In a study by Sadowski et al.
(108), utilizing conscious and anesthetized hydrated dogs,
denervated kidneys excreted more sodium and water
than innervated kidneys under basal conditions. The
results, however, differed after a saline load. While the
denervated kidneys continued to excrete more sodium
and water in the anesthetized dog, the innervated kidneys
excreted more sodium and water in the conscious dog.
The authors suggested that the greater sodium excretion
of the innervated kidneys after acute saline loading in
the conscious dogs was due to inhibition of sodium-re-
taining action of renal efferent nerve activity by acute
extracellular volume expansion, an effect that could not
be observed in denervated kidneys. These authors
warned, therefore, that renal denervation studies under
anesthesia should be interpreted cautiously.

In summary, in the anesthetized animal, renal sympa-
thetic nerve activity appears to decrease renal sodium
excretion, while a decrease in sympathetic nerve activity
increases urinary sodium excretion. These effects are
most likely mediated by a direct effect on the renal
tubular epithelial cell rather than by an indirect effect
on renal hemodynamics. The proximal tubule is the most
prominent segment of the nephron where these effects
are observed.

B. Alpha-Adrenergic Stimulation and Blockade

Although renal nerve stimulation has been demon-
strated to decrease renal sodium excretion, the receptor
by which this effect is mediated is not entirely clear.
Much of the confusion has been caused by the varied
protocols utilized to elucidate this mechanism. For ex-
ample, adrenergic agonists or antagonists have been in-
fused alone or in various combinations (e.g., alpha-ad-
renergic agonist plus beta-adrenergic antagonist, beta-
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adrenergic agonist plus alpha-adrenergic antagonist) sys-
temically or into the renal artery of innervated or dener-
vated kidneys. Since the systemic effects of any of these
agents may obscure a direct intrarenal effect, it is impor-
tant to consider the experimental design of the numerous
studies that have been reported before making conclu-
sions about renal adrenergic receptors.

In intact dogs, low-dose infusion of norepinephrine into
the renal artery decreases sodium excretion in the ab-
sence of detectable changes in glomerular filtration rate
or total renal blood flow (96). In the water-diuresing
hypophysectomized dog, the arterial infusion of norepi-
nephrine into kidneys receiving beta-adrenergic blocking
agents resulted in a decrease in urine volume and free
water excretion (50). Assuming that urine flow is a reli-
able index of proximal sodium reabsorption during a
water diuresis and thus relative water impermeability of
the distal nephron, the results of this study support the
concept that renal alpha-adrenergic stimulation en-
hances renal sodium reabsorpion in the proximal neph-
ron.

In contrast to the results obtained from studies with
alpha-adrenergic agonists, the results obtained from
studies with the alpha-adrenergic antagonist, phenoxy-
benzamine, have been inconsistent. For example, Chou
et al. (32) have shown that the i.v. infusion of phenoxy-
benzamine into normal dogs results in a marked increase
in urinary sodium excretion. On the other hand, iv.
phenoxybenzamine did not alter sodium excretion in
either sodium-depleted dogs or in animals with chronic
TIVC constriction (32). Thus, these authors concluded
that alpha-adrenergic activity may enhance renal sodium
reabsorption in normal animals but not in animals with
TIVC constriction or with sodium depletion. These re-
sults in chronic TIVC-constricted dogs are different from
earlier studies (65, 115), which demonstrated that phen-
oxybenzamine prevented the antinatriuretic response to
acute TIVC constriction. The most likely explanation for
these differences is that the earlier studies utilized acute
rather than chronic TIVC constriction.

Several micropuncture studies have examined an effect
of beta- and alpha-adrenergic blockade on sodium reab-
sorption in the proximal tubule (22, 122). Blendis et al.
(22) reported that there was no difference in single neph-
ron glomerular filtration rate or in proximal sodium or
water reabsorption following intrarenal beta-adrenergic
blockade alone or intrarenal beta-adrenergic blockade
plus alpha-adrenergic stimulation. Strandhoy et al. (122)
have also shown that phenoxybenzamine infusion into
the renal artery increased urinary sodium excretion with-
out producing changes in glomerular filtration rate, renal
blood flow, filtration fraction, or in proximal sodium
reabsorption as assessed by micropuncture techniques.
The results of these last two studies suggest that the
antinatriuretic effect of alpha-adrenergic stimulation is
mediated by an increase in sodium reabsorption at sites
beyond the proximal tubule.

Perhaps the most convincing evidence that alpha-ad-
renergic stimulation causes an increase in tubular sodium
reabsorption comes from the previously discussed studies
of DiBona and his colleagues. Both low level renal nerve
stimulation (137) and baroreceptor reflex renal nerve
stimulation (138) led to a decrease in urinary sodium
excretion in the absence of changes in glomerular filtra-
ton rate and renal blood flow. When phenoxybenzamine
or guanethidine was infused into the renal artery of the
ipsilateral kidneys, the usual antinatriuretic effect of
nerve stimulation was demonstrated only in the contra-
lateral but not the ipsilateral kidneys. These studies,
therefore, demonstrate that renal alpha-adrenergic stim-
ulation results in an increase in renal sodium reabsorp-
tion that can be prevented with alpha-adrenergic antag-
onists.

Although it is likely that the neurogenic effect of alpha-
adrenergic stimulation is mediated by a direct effect on
the tubule, an indirect effect has not been fully excluded.
Since changes in either peritubular hydrostatic or oncotic
pressure may cause changes in sodium reabsorption (24,
25, 40, 41, 77), it would be necessary to demonstrate that
none of these factors are altered after either renal nerve
stimulation or the intrarenal infusion of norepinephrine.
Such a micropuncture study has not yet been reported.
Renal alpha-adrenergic stimulation also could indirectly
increase tubular sodium reabsorption by altering the
distribution of renal blood flow. A decrease in cortical
renal blood flow has been demonstrated in acute TIVC-
constricted dogs (64, 65) and in some studies utilizing
either direct or indirect renal nerve stimulation (101,
114). On the other hand, low-dose norepinephrine infu-
sion does not alter the distribution of renal blood flow
(28, 105, 110), and yet sodium excretion diminished with
this maneuver (28). Finally, Slick et al. (114) have dem-
onstrated that renal nerve stimulation can alter renal
sodium excretion in the absence of changes in renal blood
flow distribution. In their series of studies, the left renal
nerve was stimulated first at high and then at lower
levels of intensity. High intensity stimulation caused a
decrease in sodium excretion that was associated with a
redistribution of renal blood flow away from the outer
cortex. Alpha-adrenergic blockade prevented the anti-
natriuresis and the redistribution of renal blood flow.
However, low level renal nerve stimulation also caused a
decrease in urinary sodium excretion in the absence of
changes in glomerular filtration rate, total, or distribution
of renal blood flow. This effect could also be reversed by
alpha-adrenergic blockade (114, 137). Thus, it seems rea-
sonable to conclude that both low-level renal nerve stim-
ulation and low-dose norepinephrine infusion can alter
tubular sodium reabsorption in the absence of changes
of either total, or distribution of, renal blood flow.

Aside from the aforementioned physical peritubular
factors, it is possible that the antinatriuretic effects of
renal nerve stimulation are hormonally mediated. For
example, low-level direct renal nerve stimulation has
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been shown to result in an increase in renin secretion
ratg and thus, most likely, plasma angiotensin levels (61,
128). Zambraski and DiBona (136) have shown that the
antinatriuretic effect of low-level renal nerve stimulation
in dogs is the same before and after intrarenal blockade
of angiotensin II with the competitive inhibitor, saralasin.

Thus, the antinatriuretic effect of low-level renal nerve
stlmulatlon is not dependent on the generation of angio-
tendin II. Similarly, the antinatriuretic effect of renal
nerve stimulation could be mediated by the suppression
of hormones that have been postulated to enhance renal
sodilm excretion. For example, prostaglandins have been
sugteeted to decrease tubular sodium reabsorption in
man and experimental animals (3, 63, 123). However,
renal nerve stimulation (39) and norepinephrine infusion
(45); have been shown to increase, not decrease, renal
progtaglandins. Moreover, the antinatriuretic effect of
rendl nerve stimulation is not altered by inhibition of
prostaglandin synthesis. These results, therefore, indi-
cate that the antinatriuretic effect of renal nerve stimu-
latian is independent of changes in renal prostaglandins
(38), Bradykinins also have been shown to increase so-
diumn excretion (21, 118, 121), but no studies are available
that: assess the role of these compounds in the antinatri-
uresis resulting from renal nerve stimulation.

In summary, there is convincing evidence to suggest
that;the antinatriuretic effect of renal nerve stimulation
is mediated by alpha-adrenergic receptors in the kidney.
Although the evidence suggests that this effect is direct
and 'is independent of glomerular filtration rate, total,
and distribution of, renal blood flow, angiotensin II, and
prostaglandins there are virtually no experiments that
examine whether changes in peritubular capillary Star-
ling forces are involved.

C. Beta-Adrenergic Stimulation and Blockade

As in studies evaluating the relationship between the
alpha-adrenergic nervous system and renal sodium ex-
cretipn, any effect of beta-adrenergic stimulation could
be r{lated either to extrarenal reflex pathways that sec-
ondarily affect the kidney or to a direct effect of beta-
adrenergic stimulation on the kidney. Systemic injection
of isgproterenol has been reported to be associated with
either no change (106) or a decrease in sodium excretion
(55, 86, 71, 96). Moreover, studies employing the systemic
administration of the beta-adrenergic blocking agent,
proptanolol, have yielded conflicting results. Several
studies have reported an increase in urinary sodium

ion after the i.v. administration of propranolol (30,
71). the other hand, at least two groups have dem-
onstrated that the acute i.v. administration of propran-
olol leads to marked decreases in urinary sodium excre-
tion (26, 93). In a study by Nies et al. (93), i.v. propranolol
resulted in significant decreases in cardiac output (25%)
and ¥enal blood flow (25%), while both systemic (28%)
and renal vascular resistances (37%) increased. Glomer-
ular filtration rate remained unchanged, while urinary

sodium excretion decreased by 36%. In this study, all of
the renal effects of propranolol could be explained by the
changes in systemic hemodynamics, since intrarenal pro-
pranolol infusion resulted in little change in sodium ex-
cretion. Although it is not readily apparent as to the
reason for the discrepancies between all of these studies,
the most likely source of confusion may result from
differences in experimental protocols.

The infusion of large doses of isoproterenol into the
renal artery causes renal vasodilatation (43, 96) and a
natriuresis (96). The natriuresis of beta-adrenergic stim-
ulation, therefore, could be a direct effect on tubular
reabsorption or an effect secondary to the renal vasodi-
latation. Gill and Casper (48) have evaluated the effect
of intrarenal beta-adrenergic stimulation with isoproter-
enol in cortisone-replaced, hypophysectomized dogs un-
dergoing a water diuresis. With intrarenal isoproterenol,
ispilateral glomerular filtration rate remained unchanged
while both urine volume and free water clearance in-
creased significantly. Since sodium excretion remained
unchanged, the authors concluded that beta-adrenergic
stimulation decreased proximal tubular sodium reabsorp-
tion while distal nephron sodium reabsorption was in-
creased. In several other studies, however, the intrarenal
infusion of low doses of isoproterenol that caused no
changes in systemic or renal hemodynamics caused no
changes in either urinary sodium excretion (106, 119) or
in proximal nephron sodium reabsorption (116, 119).
Moreover, infusions of propranolol into the renal artery
have been shown by some (103) but not others (93) to
alter urinary sodium excretion. It has, therefore, been
difficult to confirm that beta-adrenergic stimulation or
blockade has a specific effect on tubular sodium trans-
port. Any change in sodium excretion after the systemic
or renal administration of beta-adrenergic agonists may
be mediated primarily by the resultant changes in sys-
temic or renal hemodynamics.

Another system that has been utilized to assess the
role of catecholamines on renal sodium excretion has
been the isolated, perfused kidney. This system allows
for the evaluation of the direct effect of various agents
on renal function, since the kidney is denervated and
perfused outside of the body with artificial medium de-
void of renin substrate (thus no angiotensin I is produced)
or any other known vasopressor substances. The concen-
tration of catecholamines or inhibitors can be altered
and, most importantly, renal perfusion pressure or renal
flow can be controlled. In a recent study by Besarab et
al. (20), both norepinephrine and epinephrine were
shown to have a direct action on the isolated kidney.
When perfusion pressure was held constant, sodium ex-
cretion decreased sharply after the addition of either of
these agents. Of interest was the fact that this effect was
abolished by the beta-adrenergic blocker, propranolol. In
these studies, alpha-adrenergic blockade failed to reverse
the antinatriuretic effect of norepinephrine. Beta-adre-
nergic stimulation with isoproterenol in the isolated per-
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fused kidney also led to a decrease in urinary sodium
excretion. Thus, the results of this study indicate a direct
role of beta-adrenergic stimulation to increase tubular
sodium reabsorption, at least in the isolated perfused
kidney. Moreover, in contrast to studies in intact animals,
this study in the isolated perfused kidney suggests that
beta-adrenergic, rather than alpha-adrenergic, stimula-
tion results in enhanced tubular sodium reabsorption. At
present, it is impossible to reconcile the difference be-
tween these various results other than the obvious dif-
ferences in methodologies.

In addition to the aforementioned studies in intact
animals, there is in vitro evidence that alpha- and beta-
adrenergic stimulation may directly alter active sodium
transport. In this regard, norepinephrine has been dem-
onstrated to increase the short circuit current in the toad
bladder (38) and frog skin (11), which suggests an in-
crease in active sodium transport. Moreover, a direct
effect of alpha- and beta-adrenergic stimulation to alter
sodium transport has been proposed on the basis of
studies that have demonstrated that norepinephrine and
isoproterenol decrease and increase renal cortical tissue
cyclic 3',5’-adenosine monophosphate (cyclic AMP) re-
spectively (12, 68). The results of these studies will be
discussed in section IV A and section IV B.

D. Dopaminergic Stimulation

Dopamine is a natural occurring catecholamine that is
an intermediate in the biosynthesis of epinephrine and
norepinephrine. Although the physiological role of do-
pamine in the central nervous system has been exten-
sively studied, the action of dopamine on the renal excre-
tion of sodium has not been clarified. A natriuretic effect
of i.v. dopamine has been consistently reported in man
and experimental animals (1, 6, 34, 53, 81, 84, 99). More-
over, administration of carbidopa, an agent that inhibits
the peripheral conversion of dopa to dopamine, results in
a marked decrease in both urinary dopamine and sodium
excretion (7). Although i.v. dopamine administration may
cause changes in systemic and renal hemodynamics, it is
possible to administer dopamine in a dose range that
increases renal blood flow without altering systemic he-
modynamics (52, 84). When dopamine is administered
i.v. in a dose range that causes no alterations in systemic
pressure, there is an increase in renal blood flow and an
increase in urinary sodium excretion (27, 86). Moreover,
when dopamine was infused into the renal artery, there
were ipsilateral changes in renal blood flow and in urinary
sodium excretion (86). Finally, SK&F 38393, a new do-
pamine receptor agonist, causes an increase in renal
blood flow and a marked natriuresis in the absence of
changes in systemic hemodynamics (98). Although bul-
bocapnine, a selective dopamine receptor antagonist, has
been shown to block the renal vasodilatory effect of
SK&F 38393, the effect on urinary sodium excretion of
bulbocapnine has not been reported (98).

The mechanism of the natriuretic effect of dopamine

is not understood. Although it has been postulated that
the natriuretic effect can occur independently of changes
in systemic or renal hemodynamics (35, 57, 86), a direct
effect on tubule sodium transport in the absence of renal
hemodynamic changes has not been reported. It has been
suggested that the natriuretic effect of dopamine is me-
diated by an enhanced intracellular generation of cyclic
AMP (67); however, further studies are necessary to
examine this possibility.

In summary, it is clear that dopamine causes an in-
crease in renal blood flow and in urinary sodium excretion
that is independent of changes in systemic hemodynam-
ics. It has been shown that the effect on renal blood flow
is mediated by dopaminergic receptors but it has not
been proved that there is any direct effect of dopamine
on renal epithelial sodium transport.

IV. Studies on Sodium Transport and Cyclic
Nucleotides

A. Effect of Catecholamines on Sodium Transport in
Epithelial Tissues

The possibility that catecholamines might directly in-
fluence renal tubular sodium reabsorption has been sup-
ported by results from studies evaluating short circuit
current or sodium transport across the isolated frog skin
epithelium. In this regard, Watlington (132) demon-
strated that alpha-adrenergic stimulation in the presence
of beta-adrenergic blockade decreased predominantly so-
dium influx. In contrast, beta-adrenergic stimulation pro-
duced an increase in both sodium influx and outflux with
no change in net flux. These results, therefore, suggest
opposing effects of alpha- and beta-adrenergic stimula-
tion on sodium influx, although possibly on different
pathways for sodium transport. When frog skin epithelial
layers were separated from the dermis (which has been
shown to have secretory mucous and venom glands that
make it difficult to evaluate unidirectional fluxes of ions),
low doses of norepinephrine increased active sodium
influx (104). This effect of norepinephrine was blocked
by propranolol. Higher doses of norepinephrine necessi-
tated the presence of phentolamine to demonstrate an
increase in active sodium influx. These results were in-
terpreted as demonstrating the presence of both alpha-
and beta-adrenergic receptors in frog skin (104, 132).
Moreover, these receptors appear to be involved in active
sodium transport in this system (104). Whereas most
studies have supported the findings that sympathomi-
metic-induced changes in short circuit current and active
sodium influx in frog skin are mediated by beta-adrener-
gic receptors (2, 104, 129, 130, 132), other studies have
questioned the validity of such an interpretation (79).
Finally, it has been shown that the increase in active
sodium transport induced by antidiuretic hormone can-
not be prevented by either alpha- or beta-adrenergic
blockade, thereby implying separate sodium transport
mechanisms for catecholamines and antidiuretic hor-
mone (2).
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There have been very few studies evaluating the effect
of icatecholamines on sodium transport in the isolated
t:o{(‘;l bladder since the report by Leaf et al. (70) that
epinephrine had no effect on short circuit current. Other
studies by Handler et al. (58) also suggested that the

nse of the toad bladder to isoproterenol was vari-
able. However, a more recent study has demonstrated
it both norepinephrine and epinephrine, but not iso-
praterenol, increase short circuit current in the toad
bladder (134). The increase in short circuit current
cay by norepinephrine was almost completely abol-
i by alpha-adrenergic blockade but was not influ-
en¢ed by beta-adrenergic blockade. Thus, in the toad
bl%ger, current evidence suggests that the direct effect
of glpha-adrenergic stimulation is to cause an increase in
active sodium influx.

There is also evidence to support the observation that
thdre are separate dopaminergic receptors in frog skin.
In @ recent study, dopamine was found to increase short
cireuit current in frog skin pretreated with both alpha-
and beta-adrenergic blockers. Haloperidol, a specific do-
parpinergic antagonist, was found to antagonize the in-

ase in short circuit current induced by dopamine (133).

summary, there is convincing evidence for a direct

efféct of catecholamines on epithelial cell sodium trans-

port. However, the specific receptors that mediate this

response may vary depending on the various epithelial
es.

B. Wﬁect of Catecholamines on Renal Tissue Cyclic
Nufleotides
It is well established that catecholamines, like other
hurhoral substances, affect cellular function by interact-
ingwith specific receptors, which then trigger cellular
events leading to a physiological response. There is a
voluminous literature describing catecholamine recep-
tord and their relationship to cyclic nucleotides and it is
recognized that beta-receptors are an integral part of the
adenylate cyclase system. This concept is based on the
obsgrvation that most of the physiological effects asso-
ciatied with beta-adrenergic receptors are associated with
an enhanced intracellular level of cyclic AMP. Robison
et dl. (107) suggested that an effect of alpha-adrenergic
recd¢ptors may be associated with a decrease in intracel-
I level of cyclic AMP.
. The characteristics of adrenergic receptors and their
iciation with cyclic nucleotides have been reviewed
recdntly (74, 107, 117) and only the relationship between
catdcholamines and the kidney will be reviewed in this
sectjon. Stimulation of cyclic AMP by catecholamines
has been reported in renal tissues and in isolated tubules
frorh many species. Isoproterenol or norepinephrine stim-
ulates adenylate cyclase in rat (14, 69, 78), dog (12), and
huntan (66) renal cortex. This effect is prevented by
pretreatment with the beta-adrenergic receptor antago-
nist] propranolol, an agent that has no direct effect of its
ownj (66, 69). Isoproterenol and norepinephrine have also
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been reported to stimulate adenylate cyclase from the
rat (68), human (92), and dog (12) renal medulla. In
addition, isoproterenol has been shown to increase the
cyclic AMP level from the rat medulla in situ (80).

Recently, techniques have been developed that allow
the microdissection of individual nephron segments.
From this microdissection technique, isolated tubular
segments can be identified and the effects of various
hormones on both biochemical and physiological param-
eters can be assessed. Early studies using a nonspecific
preparation of tubules rather than a specific preparation
of isolated nephron segments demonstrated that epi-
nephrine stimulated adenylate cyclase activity, an effect
that was blocked by propranolol but not by phentolamine
(85). Recent studies of isolated tubular segments have
further defined the specific sites of hormone action (85,
88, 89). Chabardes et al. (31) have shown that isoproter-
enol does not affect adenylate cyclase activity in proximal
convoluted and straight tubules, in thin and thick as-
cending limbs of Henle, or in the early portion of the
distal convoluted tubule of rabbit kidneys. However,
isoproterenol did stimulate adenylate cyclase activity in
the late portion of the distal convoluted tubule and in
the cortical but not medullary collecting tubules. Isopro-
terenol stimulated adenylate cyclase activity in these
nephron segments in a dose-dependent manner and this
effect was blocked by propranolol but not phentolamine.
These studies have strongly suggested the presence of
beta-adrenergic receptors in the late distal and cortical
collecting tubules.

Recently, Imai (59) has demonstrated that isoprotere-
nol increases the transtubular voltage across the isolated
connecting tubule, a segment of the nephron that is
located between the distal tubule and cortical collecting
tubule of the rabbit. The increase in transtubular voltage
invoked by isoproterenol was 100-fold greater in the
connecting tubule than in the cortical collecting tubule.
This physiological response to isoproterenol correlates
very well with the biochemical findings of Morel et al.
(88, 89).

In summary, it is still not entirely clear as to the
specific segmental sites of hormone receptors that me-
diate a direct effect of circulating catecholamines on
cyclic AMP formation in the nephon. With the develop-
ment of the microdissection techniques, it will be possible
in the next several years to correlate the specific segmen-
tal biochemical and physiological responses to circulating
catecholamines.

Since beta-adrenergic stimulation has been shown to
increase tissue cyclic AMP formation, it has been pro-
posed that the effect of adrenergic stimulation on proxi-
mal tubular sodium reabsorption may involve a cyclic
AMP-mediated mechanism. In this regard the cyclic
AMP analogue, dibutyryl cyclic AMP, has been shown
to increase sodium excretion in a manner similar to that
of intrarenal isoproterenol infusion (49, 76). It has also
been proposed in a preliminary communication (51) that
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guanosine 3',5'-monophosphate (cyclic GMP) produces a
decrease in urine flow similar to that of norepinephrine.
Thus, increased cyclic AMP and cyclic GMP have been
proposed to mediate the effect of beta- and alpha-adre-
nergic stimulation on proximal tubular sodium reabsorp-
tion respectively. While such a hypothesis is attractive,
it remains to be proved.

V. Conclusion

There is considerable evidence to support the hypoth-
esis that the adrenergic nervous system alters renal so-
dium excretion independent of catecholamine-induced
changes in systemic or renal hemodynamics. Morpholog-
ical studies have clearly confirmed the presence of adre-
nergic innervation of renal vessels and of proximal and
distal renal tubules. Both renal nerve stimulation and
direct intrarenal administration of alpha- and beta-ad-
renergic agonists have been shown to alter sodium excre-
tion in the absence of changes in renal hemodynamic and
humoral factors that may alter sodium excretion. It
seems likely, but not totally proved, that the effect of
alpha- and beta-adrenergic stimulation directly influence
renal tubular epithelial sodium transport. Such a conclu-
sion is also supported by the finding that catecholamines
can directly influence sodium transport in anuran mem-
branes. The biochemical pathways and the specific neph-
ron segments involved in this response have not been
clearly elucidated. Dopamine receptors also appear to be
present in the kidney and further studies are needed to
define more clearly their direct role in sodium transport.
Finally, it would appear that the development of micro-
dissection techniques for the isolation of specific renal
tubular segments will allow for direct examination of the
biochemical and physiological responses of the kidney to
the adrenergic nervous system.
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