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The adrenal medulla apparently elaborates at
least two highly active pressor principles, I-epi-
nephrine and l-norepinephrine, that may pro-
foundly affect the renal circulation in man. In
physiologic dosage both substances evoke an in-
trarenal vasoconstriction which tends to reduce
renal blood flow in the face of an elevated arterial
pressure without significant alteration in glo-
merular filtration rate (1-3). Associated changes
in urine formation might be predicted but have
not as yet been clearly defined. In animals, I-epi-
nephrine seems to give rise to a water diuresis
and augmented excretion of chloride (4-8),
whereas in man both agents may diminish urine
flow (1, 2). A study of the effect of pure
l-epinephrine and l-norepinephrine upon renal
hemodynamics, and excretion of water and elec-
trolytes in normal human subjects was under-
taken in order to clarify this problem. Since most
of the earlier work is based upon the use of
adrenal extracts which have been found to con-
tain both pressor amines (9, 10), the effect of
epinephrine (USP) was also examined in order
to ascertain whether its action is specific or pre-
dominantly that of one of its ingredients.

METHODS

The subjects of this study were 17 convalescent patients
(seven male, ten female) from the wards of the Presby-
terian Hospital in the City of New York. All were free
of clinically demonstrable cardiac and renal disease.
They received a well-balanced hospital diet containing
approximately 10 grams of sodium chloride each day.

1 This work has been aided by a grant from the Ameri-
can Heart Association.

2 These data were presented in detail before the Inter-
national Congress of Clinical Pathology, London, England,
on July 19, 1951 (33).

8Research Fellow of the American College of Physi-
cians.

' Fellow of the New York Heart Association.

The effects of l-norepinephrine 6 were determined on 12
occasions, and of l-epinephrineI and epinephrine (USP)
three times each. Glomerular filtration was measured
as the inulin clearance, and renal plasma flow as the
sodium p-aminohippurate clearance.7 The renal clearances
of sodium and potassium were determined simultaneously.
The blood pressure was measured sphygmomanometrically,
and mean pressure calculated after the method of B6ger
and Wezler (11) for use in computation of renal vas-
cular resistance. The methods employed in the experi-
mental procedures. and chemical analyses have been de-
scribed at length elsewhere (12, 13). All solutions were
made up in 5%o dextrose and distilled water. Three suc-
cessive resting control clearance values were determined
at ten-minute intervals prior to intravenous administration
of an infusion of the pressor agent under study (4 to 8 ig./
ml. of 5% dextrose in distilled water) at a rate which
was maintained constant at about 15 ig./min. in most in-
dividuals. In one very susceptible subject the rate of
infusion (I-epinephrine) could not be raised above 2.ug./
min. without discomfort, and in another 46sLg./min. of
l-norepinephrine was required to produce the desired
effect. An effort was made to maintain the mean arterial
tension between 25 and 50 mm. Hg above the control
without undue subjective reaction. These precautions
eliminated the possible role of fright or discomfort in
producing the observed effects. The urine voided during
the period of equilibration of the arterial pressure at a
constant level was discarded and three successive de-
terminations were then made over an interval of from
30 to 45 minutes. In ten instances, two more clearance
values were obtained after the blood pressure had re-
turned to control levels and after a 15-minute discard
period to permit equilibration.

RESULTS

Systemic circulatory adjustments and subjec-
tive response. The systemic hemodynamic and

5 Supplied through the courtesy of the Medical Research
Department, Winthrop-Stearns, Inc., as "Levophed."

6 Weare indebted to Dr. Maurice Rapport for a sup-
ply of pure l-epinephrine.

7We are indebted to Dr. W. Boger and the Medical
Research Division of Sharp and Dohme, Inc., Philadelphia,
Pa., for a generous supply of sodium p-aminohippurate.
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FIG. 1. THE EFFECT OF EPiNEPHRINE (USP), I-Epi-
NEPHRINEAND l-NOREPINEPHRINE ON URINE FLOW

The values for urine flow during each "period" (usually
ten to 15 minutes in length) have been averaged and ex-

pressed here as the percentage of the pooled and averaged
control figures. An infusion of epinephrine (USP)
(open squares), I-epinephrine (closed circles), or I-nor-

epinephrine (open triangles) was administered intra-
venously during the periods marked "Infusion." With
one exception (P. D.) in Table I, in whom only periods
8 and 9 were obtained during recovery, all data presented
here were collected in complete experiments. Three ex-

periments are thus averaged together for each substance,
%is., epinephrine (USP)-H. J., C. N., and G. G.;
l-epinephrine-A. B., M. W. and G. I.; I-norepinephrine-
I. C., A. B., and E. R. (See Table I for further informa-
tion regarding these subjects.) The urine flow rose

slightly during the infusion of all the pressor amines and
fell sharply on withdrawal during the "Recovery" periods.

subjective responses to epinephrine (USP), l-epi-
nephrine and l-norepinephrine observed during
the course of this study were similar to those re-

ported previously (13-15). Epinephrine (USP)
and l-epinephrine had a similar effect in produc-
ing an elevation in systolic pressure with slight or

no change in diastolic pressure. On the average,

systolic pressure increased 20 and 35 mm. Hg
and diastolic increased 4 and 8 mm. Hg, respec-

tively, in association with tachycardia. Despite
these relatively slight changes in arterial tension,
the subjects usually complained of nervousness

and palpitation, the heart rate was occasionally
irregular (premature contractions) and tremor
and pallor were often striking. On termination of
the infusion the skin became flushed and a sensa-

tion of increased body warmth was experienced.
In contrast, l-norepinephrine in approximately

equal dosage brought about a more striking eleva-
tion in both systolic (averaging 50 mm. Hg) and
diastolic (25 mm. Hg) pressures in association
with a marked bradycardia and very little subjec-
tive disturbance. Some subjects complained of
slight headache, dizziness, substernal oppression
and breathlessness; others suffered no discom-
fort whatever. Hyperemia of the skin was not
noticeable following withdrawal of the drug.

Renal vascular adjustments. Despite these dif-
ferences in systemic hemodynamic activity all
three substances affected renal function similarly.
The averaged figures for renal plasma flow
(RPF) and glomerular filtration rate (GFR)
during the control period, during the infusion of
the pressor agent and during the recovery period
are presented in Table I. It can be seen that renal
plasma flow (RPF) decreased in all but one
(H. J.), in whom l-epinephrine produced renal
vasoconstriction proportionate to the elevation in
arterial pressure so that there was no change in
RPF. Glomerular filtration (GFR) remained
relatively unchanged or increased slightly so that
the filtration fraction (GFR/RPF) always rose.
The calculated renal vascular resistance was in-
variably increased-to a much greater extent by
l-norepinephrine than by either l-epinephrine or
epinephrine (USP). These changes were rap-
idly reversible on termination of the infusion. A
moderate increase in renal blood flow was ob-
served approximately 30 minutes following epi-
nephrine (USP) and l-epinephrine that did not
develop following l-norepinephrine.

Changes in water and electrolyte output. All
three agents influenced the urinary excretion of
sodium, potassium, and water in the same way.
The plasma sodium and potassium concentration
did not change significantly at any time. Sodium
and potassium output in the urine usually de-
creased sharply and significantly 8 whereas urine

8 Statistical analysis indicates that these changes are
highly significant. Although electrolyte output varied
widely from subject to subject, the variation within any
single individual was relatively small during periods of
time equivalent to those covered in these experiments.
Similar studies of inactive agents, such as small doses
of isotopes, revealed no changes in electrolyte excretion
greater than those occurring spontaneously during the
control periods. Hence, the observations reported here
cannot be accounted for on the basis of chance variations
or of nonspecific effects of the experimental procedure.
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EFFECT OF ADRENALMEDULLARYHORMONESON RENAL FUNCTIONS

flow showed no consistent directional change. On
termination of the infusion and on the return of
blood pressure to normal values, sodium and po-
tassium excretion tended to return toward con-
trol levels and urine flow usually fell off abruptly
(Table I and Figures 1 to 3). Urine flow (V)
increased markedly in two of the three patients re-
ceiving epinephrine (USP) and in all three fell
off to or below the control level during recovery.
The urine flow increased (Table I) significantly
in only one of three studies with l-epinephrine
and decreased sharply during recovery in all
three. The diuretic tendency was much less evi-
dent during the action of l-norepinephrine. Aver-
aged urine flows were observed to rise in three
(P. D., T. G., F. E.), remain relatively un-
changed in six, and fall in three (D. C., K. N.,
P. M.). In two of four measurements made dur-
ing recovery the urine flow diminished. Since
many of these patients were responding by diure-
sis to water ingested prior to the study, the rise
in urine flow may have been coincidental. In
Figure 1, the values for urine flow during each
clearance measurement have been averaged and
plotted as the percentage of the total control mean
values, using only those experiments in which re-
covery was followed for at least 30 minutes. The
discard period excluded from the averaged re-

% CONTROL INFUSION RECOVERY
110 00-.

90~~~~~~
70-

A-NOR
*-,(E Pi

5 0 {1- EPt

2 4 6 8 10
URINARY SODIUM EXCRETION

FIG. 2. THE EFFEcT OF EPINEPHRINE (USP), I-EpiA
NEPHRINE, AND l-NOREPINEPHRINE ON URINARY SODIUM
EXCRETION

The data for urinary sodium excretion in the subjects
presented in Figure 1 are handled here in the same man-
ner. Sodium excretion decreased during the drug action
and tended to return to the control levels following termi-
nation of the infusion.
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FIG. 3. THE EFFECT OF EPINEPHRINE (USP), I-EPI-

NEPHRINE, AND I-NOREPINEPHRINE ON URINARY POTAS-
SIUm EXCRETION

The data are treated as in Figure 1. Potassium ex-
cretion decreased markedly during infusion of each drug
and tended to remain low thereafter.

covery values in Table I have been included in
this figure. The similarity of the response to
l-norepinephrine, I-epinephrine, and epinephrine
(USP) is obvious. This figure brings out more
clearly than the averages presented in Table I the
tendency for urine flow to fall below the control
values during recovery from the pressor effect,
and indicates the lack of clear-cut evidence for
the development of water diuresis during pressor
activity.

Sodium excretion (Una V in Table I) de-
creased on the average during the infusion of
epinephrine (USP) and l-epinephrine in two or
three studies each, and in nine of 11 during in-
fusion of l-norepinephrine. During the recovery
period sodium excretion returned to or above
the control in one subject after epinephrine
(USP) and in two after l-epinephrine. It did not
reach the control level in any of the three fol-
lowed during recovery from the action of l-norepi-
nephrine. These effects are more obvious in Fig-
ure 2 which is constructed like Figure 1, on the
basis of averaged values for each clearance period,
including the recovery discard period expressed
in terms of the total control mean. It can be seen
that l-norepinephrine appeared to have a much
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more profound effect in depressing sodium excre-

tion than either l-epinephrine or epinephrine
(USP). As a rule sodium excretion fell off much
more than urine flow and the urinary concentra-
tion of sodium diminished (Table I). Sodium ex-

cretion decreased more than the filtration rate so

that the sodium-inulin clearance ratio (Cna/Cin
in Table I) fell in all but P. M. and E. B.
(l-norepinephrine), indicating augmented tubular
reabsorption of sodium.

Potassium excretion was also depressed by the
action of epinephrine (USP), I-epinephrine, and
l-norepinephrine. This change occurred without
exception and persisted throughout the recovery

period (Table I and Figure 3). The urinary po-
tassium concentration always decreased and the
potassium-inulin clearance ratio (Ck/Cin in Table
I) fell and remained low following recovery.

Hence, the tubular reabsorption of potassium was

always augmented by the adrenal medullary hor-
mones. In general, I-norepinephrine appeared
to produce a more profound change in sodium
excretion than in potassium excretion whereas

I-epinephrine had a greater effect on the output
of potassium.

DISCUSSION

Despite a noteworthy divergence in systemic
hemodynamic activity, l-norepinephrine and l-epi-
nephrine produce more or less identical changes
in renal function. Epinephrine (USP), a mix-
ture of the two, behaves like l-epinephrine in its
action upon the circulation and the kidney. Over-
all vasodilatation is manifest in elevated cardiac
output with little or no change in mean arterial
pressure during the action of l-epinephrine and
epinephrine (USP), whereas generalized vaso-

*constriction is evident in diminished cardiac out-
put and elevated arterial pressure during the re-

sponse to l-norepinephrine (3, 14, 15). All
excite a renal vasoconstriction that reduces renal
blood flow without significant change in filtration
(1-3). The present study has revealed further
that all appear to interfere to some extent with
tubular reabsorption of water and that all give
rise to augmented tubular reabsorption of sodium

TABLE I

The effect of adrenal medullary hormones on renal function *

Subject B.P. P.R. V GFR RPF FF Una V Uk V Cna/Cin Ck/Cin
Sex Age S.A. Procedure per

M2 mm.Hg min. ml./min. ml./min. ml./min. % AEqi.min. Eq.a/min. % %

epinephrine (USP)

H. J. Control 118/80 72 1.6 90 470 19 74.6 45.3 0.59 12.96
M 49 1.55 Infusion 138/80 80 6.1 95 480 20 55.2 21.0 0.42 5.65

Recovery 122/72 74 1.1 110 555 '20 89.2 20.6 0.56 4.72

C. N. Control 100/64 54 6.3 105 500 21 103.1 63.3 0.72 13.74
F 37 1.67 Infusion 130/70 75 8.0 105 375 28 97.6 18.3 0.68 3.94

Recovery 98/58 60 0.8 95 520 18 92.1 11.7 0.72 2.83

G. G. Control 120/70 70 12.2 130 680 19 373.6 145.4 2.04 24.28
M 39 1.95 Infusion 138/74 85 13.3 145 550 27 277.8 65.6 1.37 10.10

Recovery 124/64 74 1.5 130 740 18 202.2 27.9 1.14 4.74

l-epinephrine

A. B. Control 120/84 95 0.9 105 440 24 86.5 50.8 0.63 10.00
M 44 1.64 Infusion 148/84 110 0.8 105 395 27 81.0 33.1 0.59 7.19

Recovery 128/84 105 1.0 115 455 25 118.0 23.6 0.79 4.27

M. W. Control 100/74 76 5.5 110 540 21 118.4 21.4 0.81 5.23
F 26 1.58 Infusion 140/82 90 9.1 95 340 28 90.5 16.1 0.71 4.50

Recovery 100/62 90 1.8 115 560 20 123.0 14.4 0.83 3.40

G. I. Control 114/76 72 7.8 100 600 17 78.6 85.3 0.58 19.70
F 29 1.53 Infusion* 150/90 94 6.2 115 495 24 63.8 57.3 0.41 11.36

Recovery 118/50 74 2.8 125 745 17 61.4 26.2 0.36 4.87
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TABLE I-Continued

Subject B.P. P.R. V GFR RPF FF Una V Uk V Cna/Cin Ck/Cin
Sex Age S.A. Procedure per

M2 mm.Hg min. ml./min. ml./min. ml./min. % | Eq. /min. uEq. /min. % %

l-norepinephrine

I. C. Control 100/62 70 7.9 145 665 22 176.4 50.7 0.87 8.04
F 23 1.56 Infusion 150/90 56 8.9 155 465 33 54.0 32.7 0.25 5.00

Recovery 106/60 70 0.8 155 550 26 74.4 34.5 0.34 5.15

A. B. Control 124/88 94 1.3 105 425 24 104.3 65.6 0.75 12.03
M 44 1.64 Infusion 172/108 90 1.2 75 270 28 28.3 28.3 0.29 7.21

Recovery 124/90 105 2.5 105 440 24 61.6 52.0 0.44 9.34

E. R. Control 88/54 104 2.7 85 340 25 40.1 60.5 0.37 15.22
F 22 1.32 Infusion 132/94 75 2.0 55 125 44 11.4 16.2 0.15 8.33

Recovery* 98/56 74 2.4 85 365 23 26.4 39.1 0.24 13.45

P. D. Control 120/80 66 7.4 140 710 20 -
M 47 1.89 Infusion 170/102 - 12.7 135 560 24

Recovery 110/74 68 2.8 95 500 19

L. F. Control 108/80 64 7.1 90 520 18 96.7 92.9 0.72 25.30
M 30 1.93 Infusion 158/106 60 6.3 120 485 24 47.1 78.2 0.29 14.60

H. P. Control 112/70 75 9.0 85 390 22 161.2 55.2 1.38 13.20
M 52 1.74 Infusion 164/90 50 9.3 90 315 29 140.9 36.2 1.12 8.03

D. C. Control 94/54 72 5.8 90 535 17 118.1 63.2 0.91 18.10
F 18 1.55 Infusion 166/100 60 4.1 95 295 32 67.2 23.3 0.50 6.33

T. G. Control 110/72 60 2.4 115 650 19 115.1 104.0 0.77 21.19
M 50 1.85 Infusion 168/90 52 10.5 110 435 25 104.0 77.3 0.52 16.80

K. N. Control 122/62 96 13.2 105 540 19 93.6 52.8 0.65 12.78
F 30 1.46 Infusion 146/82 68 8.4 90 325 28 40.2 32.7 0.31 9.29

F. E. Control 112/74 85 6.2 115 575 20 101.0 81.2 0.64 17.86
F 34 1.90 Infusion 146/88 78 8.5 110 430 25 80.0 49.1 0.54 11.22

P. M. Control 94/60 65 11.9 105 630 17 164.2 130.0 1.11 27.20
F 28 1.87 Infusion 144/88 55 9.7 105 500 22 169.3 83.6 1.27 17.20

E. B. Control 102/66 80 8.6 130 535 24 51.5 37.3 0.30 6.01
F 25 1.72 Infusion 138/92 65 8.8 135 495 28 73.4 29.5 0.40 4.47

* All values are averages of two or more determinations except in instances marked with an asterisk. Infusions of epi-
nephrine (USP), l-epinephrine, or l-norepinephrine were administered throughout "infusion" period at a rate sufficient to
produce an elevation in arterial pressure without undue discomfort. The arterial pressure (B.P.) was measured sphygmo-
manometrically. Abbreviations are as follows:

S. A. = body surface (M2)
P. R. = pulse rate

V = urine flow (ml./min.)
GFR= glomerular filtration rate, inulin clearance (ml./min.)
RPF - renal plasma flow, sodium p-aminohippurate clearance (ml./min.)

FF = filtration fraction-GFR/RPF (%)
Una V = urinary sodium output (;LEq./min.)
Uk V = urinary potassium output (pEq./min.)

Cna/Cin = sodium-inulin clearance ratio or proportion of filtered sodium excreted (%)
Ck/Cin = potassium-inulin clearance ratio or proportion of filtered potassium excreted (%)

and potassium. Since maximal tubular reabsorp- direct evidence (17-19) that the renal vasculature
tive (glucose Tm) and excretory (diodrast Tm) and parenchyma are diffusely and totally involved
capacities are not affected by epinephrine (USP) in the observed response.
(16), it is not likely that either l-epinephrine or The mechanism of the change in urine forma-
l-norepinephrine have any effect on Tm. It tion is not yet apparent. Since it appears when
may be inferred from this and much additional blood pressure is little altered or, contrariwise.
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greatly increased, when tachycardia indicates in-
creased cardiac output during the action of l-epi-
nephrine, or when bradycardia denotes diminished
output with l-norepinephrine, it may be presumed
that the general systemic hemodynamic adjust-
ment is not a determining factor. Attention must
be paid rather to the local renal circulatory ad-
justments and to the possibility of direct or in-
direct influence upon tubular cellular activity by
the drugs themselves.

The site of intrarenal vasoconstriction has been
placed by Smith and others in the post-glomerular
vascular bed. This view is based upon the ob-
servations of Richards and Plant (20, 21) that
perfused kidneys may swell during the action of
adrenal extracts (and presumably also l-epineph-
rine), and of Smith and his associates (1, 22)
that glomerular filtration does not decrease. The
first is interpreted as evidence for engorgement
of a sizeable portion of the renal vascular bed
proximal to the point of constriction. Since fil-
tration does not increase it may be presumed that
intraglomerular filtration pressure must rise in
proportion to the decrement in renal plasma flow
independently of any alteration in systemic ar-
terial pressure. In this view afferent arteriolar
constriction develops in proportion to the eleva-
tion in the blood pressure and vasoconstriction in
the post-glomerular vascular bed accounts for de-
pression of renal blood flow below the control
value. Gomez (22, 23) has placed the site of
this activity in the venular bed in order to account
for the swelling of perfused kidneys. From this
it follows that intrarenal pressure may rise and
bring about the observed augmentation in tubular
reabsorption of sodium. But studies (24) of the
effect of increased intra-abdominal pressure, that
presumably increases intrarenal tension, indicate
that water reabsorption is also increased and that
potassium reabsorption is relatively unaffected.
Hence, it seems unlikely that increased interstitial
pressure in the kidney was an important deter-
mining factor in these studies.

The adrenal medulla is part and parcel of a
widespread integrated regulatory system that in-
cludes the autonomic nervous system and, among
other organs, the adrenal cortex and the pituitary.
Although the renal excretory response to medul-
-lary hormones may be mediated in part by neural
pathways, the temporal relationships between!

stimulus, response, and recovery suggest that
humoral mechanisms are operative. Some hu-
moral agents such as antidiuretic hormone and
desoxycorticosterone acetate appear to affect
renal excretion of water and electrolytes by direct
action upon the renal tubules. It is possible that
the adrenal medullary hormones behave in this
manner or that they alter the production of active
agents by other organs. Secondary release of
adrenal cortical hormones or adrenocorticotrophic
hormone (25) might thus account for the incre-
ment in tubular reabsorption of sodium, although
these substances would be expected to promote-
and not depress-potassium excretion (26). The
marked fall in urine flow on withdrawal of these
agents suggests that they may interfere with tubu-
lar reabsorption of water, an effect which may be
attributable to diminished secretion of antidiuretic
hormone (27). Perhaps the electrolyte-retaining
effect of adrenal medullary hormones is attribu-
table, in part at least, to an altered cellular me-
tabolism. The resultant shifts in electrolyte and
water distribution may ultimately influence renal
function directly through derangements in the
composition of the blood. The relative impor-
tance of these factors is under investigation.

Presumably any condition or situation that
stimulates release of large amounts of epinephrine
and norepinephrine is one in which renal reten-
tion of sodium and potassium occurs. However,
pheochromocytomata are not reported to have
this effect. Hence it is probable that the changes
observed in the course of this study occur only as
an immediate response and that continued change
is prevented by corrective adjustments to restore
electrolyte output to normal. It is unlikely, there-
fore, that epinephrine and norepinephrine play a
role in producing the defect in sodium excretion
encountered in such conditions as cardiac decom-
pensation. On the other hand, the decrease in
electrolyte excretion during anesthesia (28) and
exercise (29), for example, may be ascribed to
the action of adrenal medullary hormones upon
the tubules as well as to diminished glomerular
filtration.'

9 Since this paper was submitted for publication several
papers dealing with this subject have appeared. Jacob-
son, Hammarsten, and Heller (30) have confirmed in
general the observations reported here. They found
that epinephrine (USP) caused a reduction in sodium and
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SUMMARY

Epinephrine (USP), I-epinephrine, and i-nor-
epinephrine have been found to depress the uri-
nary excretion of sodium and potassium in nor-
mal human subjects. Since the glomerular filtra-
tion rate remained relatively constant despite
elevated arterial pressure, intrarenal vasoconstric-
tion, and renal ischemia, the change in electrolyte
output must be ascribed to augmented tubular re-
absorption. Urine flow usually increased some-

what during the action of the adrenal medullary
hormones and fell off sharply on withdrawal, sug-
gesting that these drugs interfere with tubular
reabsorption of water.
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