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That patients with essential hypertension have
an exaggerated natriuretic response to the rapid
intravenous administration of sodium is well es-
tablished (1-5). Other hypertensive states have
also been reported to exhibit an exaggerated
natriuretic response to acute salt loading (4, 6-
11). Although the mechanisms responsible for
this phenomenon remain unknown (5), one of
the possibilities is that the elevation of the blood
pressure per se may cause the enhanced natriure-
sis (10).

In the present investigation the natriuretic re-
sponse to acutely administered sodium was stud-
ied under controlled conditions in normotensive
subjects and after elevation of the blood pres-
sure with the pressor amine, metaraminol. Sub-
jects excreted two to four times as much sodium
as when responding to a similar sodium load
without metaraminol.
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Methods

Five normotensive male subjects (three Caucasians
and two Negroes), ages 33 to 48, without evidence of
cardiac, hepatic, or renal disease were studied. Three
had minimal healing dermatological lesions, one had in-
active duodenal ulcer, and the other had minimal in-
active pulmonary tuberculosis.

Three subjects (group I, no. 1, 2, and 3) received a
total daily intake of 150 mEq of sodium. They were
provided a diet containing 10 mEq of sodium daily and
in addition were given 35 mEq of sodium chloride in
gelatin capsules with each meal and at bedtime. Two
subjects (group II, no. 4 and 5) received a total daily
sodium intake of 10 mEq. Daily urine excretion of so-
dium was determined, and the patients were in sodium
balance at the time each of the following studies was
performed. The particular chronological order in which
these studies were done was varied among the subjects.

Group I. Daily sodium intake of 150 mEq

1) "Blank day." The subjects had breakfast and
drank 20 ml of tap water per kg of body weight between
7 and 8 a.m. At 8 a.m. the subj ects lay down and re-
mained recumbent until 3 p.m., except for standing to
void at half-hour intervals. After each voiding they
were given by mouth 5 g of carbohydrate and sufficient
water to maintain a stable urine flow. Blood pressure
and pulse were recorded at 30-minute intervals. The
sodium chloride capsules were omitted on the morning
of each day of study. At 3 p.m., when the day's study
was completed, the two omitted doses of salt were ad-
ministered so that the daily total oral intake of sodium
remained 150 mEq.

2) "Metaraminol control day." The protocol was the
same as on "blank day," except that 10 to 16 mg of
metaraminol (Aramine),' dissolved in 5% dextrose in
water, was given intravenously from 9 :30 a.m. to 1 p.m.
at a rate (average of 53 ,ug per minute) adjusted to
raise the mean blood pressure an average of 27 mmHg

1 Merck Sharp & Dohme, Inc., Philadelphia, Pa.
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TABLE I

Sodium excretion in subjects provided a 150-mEq sodium diet

Subject
Age Mean Clearances

Blood blood
pressure Time pressure Na Flow Ccr Ci. CPAH

mmHg pEqlmin ml/min ml/min ml/min mi/min

7:41- 9:30a.m.
9:30-10:30 a.m.

10:30-12:00 noon
12:00- 1:00p.m.

1:00- 3:00p.m.

7:33- 9:30 a.m.
9:30-10:30 a.m.

10:30-12:00 noon
12:00- 1:00p.m.

1:00- 3:00p.m.

7:38- 9:30 a.m.
9:30-10:30 a.m.

10:30-12:00 noon
12:00- 1:00p.m.

1:00- 3:00p.m.

Blank day
75 163 11.2
81 160 9.6
83 155 4.9
83 143 8.8
89 144 8.3

Metaraminol control day*
81 227 12.4

105 191 11.4
110 219 11.6
105 228 12.1

91 208 9.1

Saline control dayt
83 206 12.5
82 232 11.6
88 314 13.1
87 386 14.4
82 328 9.0

Metaraminol-saline day$

145
147
136
129
126

156 707
151 685
148 626
156 667
150 588

139 137 652
114 146 568
132 153 574
146 149 556
143 148 604

148 156
140 155
147 152
144 169
152 164

758
660
606
609
644

7:37- 9:31 a.m.
9:31-10:30 a.m.

10:30-12:00 noon
12:00- 1:00p.m.

1:00- 3:00p.m.

78 224
94 207

113 413
108 520

88 378

186 862
197 699
199 667-
194 679
181 709

8:00- 9:30a.m.
9:30-10:30 a.m.

10:30-12:00 noon
12:00- 1:00p.m.

1:00- 3:00p.m.

8:30- 9:30 a.m.
9:30-10:30 a.m.

10:30-12:00 noon
12:00- 1:00p.m.

1:00- 3:00p.m.

8:30- 9;30 a.m.
9:30-10:30 a.m.

10:30-12:00 noon
12:00- 1:00p.m.

1:00- 3:00p.m.

8:17- 9:30 a.m.
9:30-10:30 a.m.

10:30-12:00 noon
12:00- 1:00p.m.

1:00- 3:00p.m.

Blank day
103 162 10.4
100 106 9.1
96 100 6.8
95 93 6.1
96 83 5.4

Metaraminol control day*
90 77 5.3

107 75 5.9
112 88 6.5
111 85 7.4
90 79 4.8

Saline control dayt
87 157 9.6
90 130 8.7
95 199 9.3
97 198 8.3

100 138 6.2

Metaraminol-saline dayt
87 114 9.2

110 134 10.3
117 239 9.1
113 357 9.1

86 105 4.5
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1
38

110/68

14.2
14.0
18.6
18.8
10.7

2
48

125/82

178
186
176
178
175

118
113
101
105
100

127
133
123
122
123

148
148
145
145
136

109
116
111
110
112

* Metaraminol was infused intravenously from 9:30 a.m. to 1:00 p.m.
t Two thousand ml of sodium chloride-lactate solution was infused intravenously from 10:30 a.m. to 12:00 noon.
t Metaraminol was infused intravenously from 9:30 a.m. to 1:00 p.m., and 2,000 ml of sodium chloride-lactate

solution was administered intravenously from 10:30 a.m. to 12:00 noon.
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TABLE i- (Continued)

Subject
Age Mean Clearances

Blood blood
pressure Time pressure Na Flow CCr Ci, CPAH

mmHg pEq/min m/mi m/min ml/min mil/min
Blank day

8:30- 9:30 a.m. 88 127 8.5 95
3 9:30-10:30 a.m. 88 120 7.5 84

36 10:30-12:00 noon 92 66 5.1 67
118/78 12:00- 1:00 p.m. 95 78 4.1 81

1:00- 3:00 p.m. 92 69 4.6 99

Metaraminol control day*
8:01- 9:30a.m. 89 106 10.8 102
9:30-10:30 a.m. 112 87 8.5 101

10:30-12:00 noon 120 100 6.2 99
12:00- 1:00 p.m. 119 102 6.9 92

1:00- 3:00p.m. 95 61 2.8 95

Saline control dayt
8:30- 9:30a.m. 90 138 9.3 124
9:30-10-30 a.m. 90 135 6.8 113

10:30-12:00 noon 89 144 8.4 103
12:00- 1:00 p.m. 90 156 7.0 99

1:00- 3:00 p.m. 90 139 4.5 94

Metaraminol-saline day:
8:04- 9:30 a.m. 86 173 9.7 133
9:30-10:30 a.m. 111 211 9.5 109

10:30-12:00 noon 123 286 12.0 114
12:00- 1:00 p.m. 124 197 10.8 111

1:00- 3:00 p.m. 99 187 3.7 119

above the premetaraminol level. The blood pressure
and pulse rate were recorded every 2 to 5 minutes. The
mean blood pressure was calculated as the diastolic pres-
sure plus one-third of the pulse pressure.

3) "Saline control day." The protocol was the same
as on "blank day," except that 2,000 ml of a solution
containing 125 mEq per L of sodium, 100 mEq per L of
chloride, and 25 mEq per L of lactate was administered
intravenously from 10:30 a.m. to 12 noon.

4) "Metaraminol-saline day." The protocol was the
same as on "blank day," except that the metaraminol
solution was infused between 9:30 a.m. and 1 p.m. as
described for the "metaraminol control day" and that
the hypotonic sodium solution was given from 10:30
a.m. to 12 noon as described for the "saline control day."

Groutp II. Daily sodium intake of 10 mEq
These two subjects were studied as described for "sa-

line control day" and "metaraminol-saline day." The
protocols were the same, except that the oral water load
was 500 ml.

Creatinine, sodium, potassium, chloride, and total sol-
utes were measured in serum and urine. Endogenous
creatinine (Cc,), osmolal (Cosm), and free water (CH2o)
clearances were calculated in all subj ects. Inulin and
para-aminohippurate clearances (C50, CPAH) were esti-
mated in Subject 1 throughout the studies by a standard
technique (12) and without catheterization of the bladder.
Sodium and potassium were measured with a Baird
flame photometer with an internal lithium standard.
The Aminco-Cotlove automatic chloride titrator was

B

Sodium
Excretion

microEq/min
-300

Ilank -200

Metaraminol
Control

F300 - _

200 FJ.
100

Subject
NORMOTENSIVE
150mEq Na Diet

Metarominol

Sodium
Load I-500

Saline -400
Control .200

-700
-600
-500

Metarominol -400
and Saline -300

-200
TA00

Time AM

Metarominol
I qf%flil sm

P M
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FIG. 1. SODIUM EXCRETION IN ONE SUBJECT (No. 1)
ON "BLANK DAY, "METARAMINOLCONTROLDAY," "SALINE
CONTROLDAY," AND "METARAMINOL-SALINE DAY." Daily
sodium intake, 150 mEq.
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used to measure chloride. Creatinine was determined
in urine by the method of Peters (13) and in serum by
the technique of Hare (14). Inulin was measured by
the anthrone procedure of Young and Raisz (15).
Para-aminohippurate was determined by the method of
Goldring and Chasis (16). The Fiske osmometer was
employed to measure concentration of total solutes.

Results

1) "Blank day." The average mean blood
pressure for group I was 90 mmHg. Ccr, C1., and
CPAH were within the normal range, except for
Subject 3, who on this day had a moderately low
Ccr (Table I).

2) "Metaraminol control day." During meta-
raminol infusion the average mean blood pressure
for group I was 111 mmHg. The rate of excre-
tion of sodium was unaltered (Table I, Figure 1).
There was no difference in the maximal increase
of sodium excretion from the mean preinfusion
rate between the "metaraminol control day" and
the "blank day" (Table III, Figure 2). Neither

Ccr nor C1, changed significantly (more than
15%o) (Table I).

3) "Saline control day." After the sodium in-
fusion there was no change in mean blood pres-
sure. The rate of excretion of sodium increased
in the five subjects studied (Tables I, II, and III;
Figures 1 and 2).

In four of the five subjects, during the saline
administration neither Ccr nor C1n was signifi-
cantly different from the preinfusion periods (Ta-
bles I and II). Subject 3 had a slight decrease
in Ccr. Subject 1 had a 16%o decrease in CPAH.
After the salt load there were no significant
changes in the serum concentration of sodium
(- 0.4 to + 3 mEq per L), chloride (- 3.2 to
+ 3.9 mEqper L), or potassium (- 0.3 to + 0.2
mEqper L).

4) "Metaraminol-saline day." The average
mean blood pressure during the metaraminol and
saline infusions was 112 mmHg. The excretion
of sodium increased in all the subjects (Tables I,

NORMOTENSIVES
150mEq Na Diet

-200

-100

Subjiects I 2
Blank

3 I 2 3
Metorominol

Control

FIG. 2. SODIUM EXCRETION IN THREE SUBJECTS (Nos. 1, 2, 3) ON "BLANK DAY,"

"METARAMINOLCONTROLDAY, "SALINE CONTROLDAY, AND METARAMINOL-SALINE DAY.

Daily sodium intake, 150 mEq. The maximal increase of sodium excretion (from 9:30
a.m. to 3 p.m.) from the mean preinfusion rate (8:30 to 9:30 a.m.) in microequiva-
lents per minute (peak rate minus preinfusion rate) is on the vertical scale. Each
column represents an individual subject studied on the 4 experimental days. (On
"blank day," Subject 2 had the highest rate of sodium excretion before 9:30 a.m.)

Sodium Excretion
microEq/min

400

300

Maximal
Increase
From The
Mean
Pre-infusion
Rate .4'

1 2 3
Metarominol
and Saline

.
-
-

-
-

-
-
-_ __ _
_ _
_
_ _
_ _

_]___
1 2 3

Saline
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TABLE II

Sodium excretion in subjects provided a
10-mEq sodium diet

Subject
Age Mean

Blood blood
pressure Time pressure Na Flow Ccr

mmHg tEq/ ml ml/
mnin min min

Saline control day*
8:00- 9:30 a.m. 84 16 2.8 163

4 9:30-10:30 a.m. 84 19 1.5 148
38 10:30-12:00 noon 87 122 9.8 144

118/70 12:00- 1-00 p.m. 86 174 4.3 143
1:00- 3:00 p.m. 80 190 2.6 153

Metaraminol-saline dayt
8:00- 9:30 a.m. 84 44 1.1 152
9:30-10:30 a.m. 102 46 3.7 144

10:30-12:01 p.m. 110 745 13.5 141
12:01- 1:00 p.m. 114 1,429 15.9 147

1:00- 3:00(p.m. 82 326 2.6 131

Saline control day*
8:00- 9:30 a.m. 74 25 7.9 130

5 9:30-10:30 a.m. 73 34 12.2 120
33 10:30-12:00 noon 73 56 8.7 117

110/64 12:00- 1:00 p.m. 78 130 5.6 118
1:00- 3:00p.m. 74 176 8.1 123

Metaraminol-saline dayt
8:00- 9:30a.m. 80 15 8.3 103
9:30-10:30 a.m. 96 13 10.3 107

10:30-12:00 noon 119 95 8.7 112
12:00- 1:00 p.m. 117 263 6.5 114

1:00- 2.41 p.m. 88 159 5.1 114

* Two thousand ml of sodium chloride-lactate solution was infused
intravenously from 10:30 a.m. to 12:00 noon.

t Metaraminol was infused intravenously from 9:30 a.m. to 1:00
p.m., and 2,000 ml of sodium chloride-lactate soltution was administered
intravenously from 10:30 a.m. to 12:00 noon.

II, and III). The maximal increase of sodium
excretion from the mean preinfusion rate on this
day was an average of 261 % greater tlhan on the
"saline control day" in the three subjects of group
I (Figure 2).2

Similar results were obtained in the two sub-
jects studied while taking the 10-mEq sodium diet.
Figure 3 illustrates the results in one of these
subjects.

There were no significant changes in CCr or CIn
after the metaraminol and saline infusions in four
of the five subjects (Tables I and II).. Subject 3
had a slight decrease in CCr. In Subject 1 the
CPAH decreased 21% after the vasopressor in-
fusion.

2Angiotensin II was employed in Subject 1 with dif-
ferent results. The excretion of sodium after the ad-
ministration of angiotensin II was markedly reduced, as
described by others (17-20). This effect of angiotensin
II on sodium excretion was not markedly modified by
the rapid iv administration of sodium.

Metarominol

Sodium
Excretion

microEq/min

-1900

-1700

-1500

-1300

-1100

Subject 4
NORMOTENSIVE
lOmEq Na Diet

-SalineControl
Metarominol and
Saline

-900

- 700

-500

- 300

- 100

Time A

FIG. 3. SODIUM EXCRETION IN ONE SUBJECT (No. 4)
ON "SALINE CONTROL DAY" AND "METARAMINOL-SALINE
DAY." Daily sodium intake, 10 mEq.

TABLE III

Sodium excretion in normotensive subjects after blood
pressure elevation with metaraminol

Rate of sodium excretion

Peak -
Prein- prein-

Subject Experimental day fusion* Peakt fusion4

AEq/ ,Eq/ AEq/
min min min

Blank 154 166 12
1 Metaraminol control 232 236 4

Saline control 213 410 197
Metaraminol-saline 216 620 404

Blank 153 121 -32§
2 Metaraminol control 77 104 27

Saline control 157 239 82
Metaraminol-saline 90 374 284

Blank 127 139 12
3 Metaraminol control 103 113 10

Saline control 138 162 24
Metaraminol-saline 187 315 128

Saline control 21 212 191
Metaraminol-saline 58 1,842 1,784

5 Saline control 34 194 160
Metaraminol-saline 23 323 300

* Mean rate of sodium excretion from 8:30 to 9:30 a.m.
t Maximal 30-minute period of sodium excretion from 9:30 a.m. to

3:00 p.m.
t Maximal increase in sodium excretion from the mean preinfusion

rate.
§ On "blank day," Subject 2 had the highest rate of sodium excretion

before 9:30 a.m.
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During the saline infusion serum sodium con-
centration did not change significantly in four of
the subjects (- 0.1 to + 4.4 mEqper L) and de-
creased 9.6 mEqper L in Subject 3. There were
no significant changes in serum potassium con-
centration in four subjects (- 0.6 to + 0.2 mEq
per L) and a decrease of 0.9 mEqper L in Sub-
ject 1. There were no significant changes in se-
rum chloride concentration (- 1.4 to + 3.8 mEq
per L).

The excretion of chloride and total solutes and
urine flow generally followed the changes in so-
dium excretion in all the experimental days.
There were no remarkable changes in the rate of
excretion of potassium, except for a transient in-
crease with the saline infusion in group II. The
Cosm increased on the "metaraminol-saline day."
There were no consistent changes in Cosm or CH20
in the other experimental days. The pulse rate
decreased in all the subjects during the metarami-
nol infusion; Subject 2 had few isolated prema-
ture beats.

Discussion

The administration of metaraminol in amounts
sufficient to elevate systemic blood pressure in
normotensive subjects is evidently accompanied
by an enhanced natriuretic response to rapidly ad-
ministered sodium. The augmented natriuresis
observed is modest in comparison to the markedly
enhanced natriuresis observed in patients with es-
sential hypertension (2, 5). Although this dif-
ference might be related to differences in the de-
gree of hypertension or the duration of increased
blood pressure, the present data do not permit
further interpretation of this point.

Although the possibility of a direct effect of the
vasopressor agent on sodium excretion cannot be
excluded, it seems unlikely, considering that the
administration of) metaraminol alone did not re-
sult in increased sodium excretion. No significant
changes in Ccr or Ci, were observed in this study.

This augmented sodium excretion was present
at two different levels of salt intake, 10 and 150
mEq of sodium daily. Papper, Belsky, and
Bleifer (5) demonstrated that the exaggerated
natriuresis of patients with essential hypertension
is apparent at all levels of salt intake ranging
from 10 to 300 mEq daily.

There are observations implicating elevated
blood pressure in the exaggerated natriuresis of
hypertension. This phenomenon has been re-
peatedly reported in patients with essential hy-
pertension ( 1-5). Patients with hypertension
caused by chronic glomerulonephritis (9, 10),
Cushing's syndrome (4, 6, 7), pheochromocytoma
(4), primary aldosteronism (8, 11), and unilateral
renal disease (10) have also been reported to have
an exaggerated natriuretic response to acute salt
loading, suggesting that elevated blood pressure
could be a common denominator in this phenome-
non.

Selkurt, Hall, and Spencer (21) and more re-
cently Tobian, Coffee, Ferreira, and Meuli (22)
reported studies in animals indicating that an in-
crease in renal arterial perfusion pressure results
in augmented sodium excretion. The mechanisms
whereby this occurred were not clear. Tobian
and his associates suggested the possibility of some
intrarenal humoral mediation, and Selkurt and
co-workers considered some intrarenal hemo-
dynamic alterations.

The present data do not permit further deline-
ation of the precise mechanisms involved in the
enhanced natriuresis observed when a salt load is
administered after systemic blood pressure has
been elevated with metaraminol in normotensive
subjects.

Summary

The natriuretic response to an acutely adminis-
tered intravenous sodium solution (125 mEq per
L) was studied under controlled conditions in five
normotensive subjects and after elevation of the
blood pressure with the pressor amine, meta-
raminol.

Under the described conditions, there was an
augmented natriuretic response to the rapid ad-
ministration of sodium in the five normotensive
subjects. This augmented response was present
at two different levels of dietary sodium intake.
The vasopressor agent alone did not increase so-
dium excretion.

The mechanisms whereby this enhanced natri-
uresis occurs in normotensive subjects under the
described conditions are not known.
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