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A B S T R A C T The effects of dietary sodium and of
saline infusion on urinary dopamine and norepinephrine
and on the relationship of these catecholamines to ad-
renergic activity were determined. In seven normal
subjects on a 9-meq sodium intake, urinary dopamine
and norepinephrine were 136±18 (SE) and 37.4±5.3
Ag/day, respectively. When sodium intake was increased
to 209 or 259 meq/day, urinary dopamine increased to
195±20 Ag/day (P < 0.01) whereas urinary norepi-
nephrine decreased to 21.1±3.0 Ag/day (P < 0.01). In-
fusion of saline in seven subjects increased sodium ex-
cretion and urinary dopamine (from 2.18±0.22 to 2.72
±0.19 jg/20 min, P < 0.01), but decreased plasma dop-
amine-fl-hydroxylase by 33% and urinary norepineph-
rine insignificantly. The clearance of inulin and p-
aminohippurate did not change significantly and filtra-
tion fraction was the same. The data indicate that an
increase in dietary sodium or infusion of saline results
in an apparent decrease in adrenergic activity and an

increase in urinary dopamine. Dopamine excretion
would thus appear to relate inversely to adrenergic
activity and to parallel sodium excretion. These findings
suggest a possible role for dopamine and norepineph-
rine in the regulation of renal sodium excretion.

INTRODUCTION
Dopamine, the precursor of the sympathetic neurotrans-
mitter norepinephrine, is present in human urine in
readily measurable quantities (1), but the factors which
govern its excretion have not been determined.

Dietary sodium may be a determinant of dopamine
excretion as suggested by a recent report of a direct
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and significant correlation between the 'concentration
of urinary sodium and of urinary dopamine (2). As
dietary sodium also reportedly affects norepinephrine
excretion, presumably as a consequence of a change in
sympathetic activity (3), it is possible that the sym-
pathetic nervous system also mediates the effects of
dietary sodium on urinary dopamine. The observation
that dopamine excretion decreased and norepinephrine
excretion increased in response to a change from
supine to an upright position (2) suggests that dopa-
mine excretion may be inversely related to sympathetic
nervous activity.

An increase in renal sympathetic nerve discharge
(4) and renal arterial infusion of norepinephrine (5)
can increase the renal tubular reabsorption of sodium
whereas the intravenous or renal arterial infusion of
dopamine increases the renal excretion of sodium (6-8).
This latter observation suggests that an increase in
renal dopamine, physiologically induced, could decrease
the tubular reabsorption of sodium possibly via specific
dopaminergic receptors (9, 10). The opposite effects
of norepinephrine and dopamine on the renal handling
of sodium and the suggestion that there may be an
inverse relationship between sympathetic nervous ac-
tivity and urinary dopamine excretion suggests a pos-
sible role for both catecholamines in the physiologic
regulation of sodium excretion. In the present studies,
the effects of sodium intake and of rapid infusion of
saline on adrenergic activity and dopamine excretion
were determined to explore the interrelationships of
sympathetic activity, dopamine metabolism, and sodium
excretion in more detail.

METHODS
The experimental design consisted of two protocols to
which the participants gave their informed consent. In one
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protocol seven normal subjects, one woman and six men,
aged 19-29 yr, who had been taking a diet with an ad lib.
sodium intake, were placed on a banana-free diet which
contained 9 meq of sodium. They were given furosemide,
40 mg/day, for the first 3 days of the diet. After 8 days,
sodium intake was increased to 259 meq/day (except for
K. R. and M. S. who received 209 meq/day) by giving
sodium chloride in a shaker for 10 days. Thus, the change
in sodium intake did not involve a change in dietary con-
stituents which may in themselves be a determinant of
urinary dopamine (11). Urine was collected for 24 h on
alternate days with 15 ml of 6 N hydrochloric acid and
was refrigerated until assayed for catecholamines, crea-
tinine, and sodium. Under similar collection and storage
conditions the content of free epinephrine, norepinephrine,
and dopamine are very stable (12). Blood was drawn every
2-3 days throughout the study for sodium, potassium, and
creatinine. The data, which exclude those days immediately
after a change in sodium intake, are presented as means of
the last three collection periods during 9 meq sodium intake
and as means of the last 4 days of high sodium intake.

In another protocol, seven normal women, aged 19-23 yr
who had no history of urinary tract abnormality or dis-
ease, were given a diet which contained 59 meq of sodium/
day for 3 days. On the morning of study, breakfast was
withheld and an intravenous infusion of 5% dextrose solu-
tion was given at 3 ml/min. Urine was collected by in-
dwelling bladder catheter. After urine flow had stabilized,
approximately 50 min after the start of the infusion, urine
was collected for 20-min periods and the bladder washed
by water and air at the end of each period. An aliquot was
acidified with 1 N hydrochloric acid and then refrigerated
until catecholamines were determined. Venous blood was
drawn through an indwelling Cournand needle at mid-
period. After four periods, the infusate was changed to
normal saline, 15 ml/min, and urine was collected for an
additional eight periods. All infusates contained inulin and
p-aminohippurate (PAH), and the clearances of inulin
(CIN) ' and of p-aminohippurate (CPAH) were determined
as previously described (13). The filtration fraction was
calculated as CIN/CPAH. The infusion data presented are
the means of the three periods immediately preceding in-
fusion of saline (control) and the means of the last four
periods of saline infusion (saline).

The nature and purpose of the above 'study and the de-
tails of the procedures were presented to the subjects in
written form. After full review of this form with each
subject, they indicated informed consent by signing the
form. No subject was studied more than once, and urine
cultures before, at the time of, and several days after study
were obtained. The study protocol and precautions were
approved by the Clinical Research Committee of the Medi-
cal Board of the National Institutes of Health.

Plasma dopamine-p-hydroxylase (D,8H), the enzyme
which converts dopamine to norepinephrine, was measured
as previously described (14) and expressed in units such
that 1 U of DpH activity is that amount of enzyme which
converts 1 nmol of tyramine to octopamine in 20 min.

Free dopamine and norepinephrine were measured as fol-
lows. An aliquot of urine (25-110 ml) was adjusted to pH
8.6 in the presence of 400 mg of alumina, 10 ml of 2%o
EDTA, and 30 mg of sodium metabisulfite. The urine and
the alumina with the adsorbed catecholamines were poured

'Abbreviations used in this paper: CIN, clearance of inu-
lin; CPAH, clearance of p-aminohippurate; DBH, dopamine-
fl-hydroxylase.

through a glass column which contained an additional 400
mg of alumina at pH 8.6. The catecholamines were eluted
with 7.5 ml of 0.2 N acetic acid. Free urinary dopamine
was measured by the method of Anton and Sayre (1).
Internal standards of dopa and dopamine were used and
samples were corrected for dopa which was occasionally
present. Free norepinephrine was measured by the method
of von Euler (15) after ferricyanide oxidation at pH 6.5.
Epinephrine was determined after ferricyanide oxidation at
pH 2.85 and norepinephrine values were corrected for epi-
nephrine content. As dopamine interferes with the measure-
ment of norepinephrine (1-2%), the amount of interfer-
ence was calculated and used to correct the norepinephrine
values. The average recovery rates for the dopamine and
norepinephrine assays were 94 and 89%, respectively but the
values were not corrected for recovery. The mean co-
efficient of variation for the dopamine assay is 13% and
that for norepinephrine is 15%. The sensitivity of the dopa-
mine and norepinephrine assays is such as to measure
accurately 0.05 and 0.02 ig, respectively, concentrations
considerably lower than those in the sample. As a 20-min
collection of urine contains very little epinephrine, norepi-
nephrine and epinephrine were measured together, in this
case, after ferricyanide oxidation at pH 6.5 and expressed
as norepinephr-ine + epinephrine. Serum and urinary crea-
tinine were measured by the method of Bonsnes and
Taussky (16) and sodium was determined by internal
standard flame photometry.

Statistical analysis was performed utilizing a paired t
test (17). A P of 0.05 or less was considered to be
significant.

RESULTS
The data in Table I demonstrate the effects of a re-
stricted sodium intake (9 meq/day) and of a high

TABLE I
Effect of Low and High Sodium Intakes on

Urinary NEand DA

Sodium
Subject intake UN.V Ccr NE DA

meq/day ml/min pg/day pg/day
D. K. 9 1+1 84±6 25.2±3.6 180±41

259 258 26 106±-5 19.0 2.0 2344±17
R. R. 9 14±11 108±9 50.6±2.3 91±5

259 231±36 112±10 27.0±3.3 165±14
M. S. 9 24±22 60±0 14.4±2.3 66±6

209 170i9 93±11 10.742.2 127±17
R. J. 9 2±+1 118±11 48.7±11.3 185421

259 268±i26 127±-3 29.9 ±2.5 265 ±23
S. J. 9 2±3 77±1 37.4±=L8.9 156±12

259 277±19 87±5 13.9±2.1 183±12
K. R. 9 7i3 108+1 34.7±1.9 107±18

209 203 ±-20 104±15 16.9 ± 1.6 146±1-11
G. C. 9 14±12 90±4 50.8±2.4 166±17

259 187±+ 19 108±i3 30.4±-2.4 242 ± 13

Mean 9 9±3 92±8 37.4±5.3 136418
±SEM 209or259 228±18 105±5 21.1±3.0 195±20
P <0.01 <0.01 <0.01 <0.01

UNaV, sodium excretion in the urine; Ccr, clearance of creatinine; NE
norepinephrine excretion in urine; DA, dopamine excretion in the urine.
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sodium intake (209 or 259 meq/day) c
epinephrine and dopamine. After the in

YE the 9 meq sodium diet, the excretion of norepinephrine
(37.4+5.3 (SE) Mg/day) and dopamine (136+18

Mg/day) was relatively stable. The ratio of dopamine
to norepinephrine ranged from 1.8 to 7.2 with a mean
of 4.0. On a 209 or 259 meq/day sodium intake, mean
urinary norepinephrine was 21.1+3.0 Mg/day, a value
significantly (P < 0.01) lower than that observed with
a restricted sodium intake, whereas mean urinary dopa-
mine was 19$+20 Mg/day, a value significantly (P <

I: 0.01) higher than that observed during a restricted
sodium intake. The changes in excretion of norepi-
nephrine and dopamine resulted in a higher mean ratio
of dopamine to norepinephrine of 9.8, with a range

Means of 6.1-13.1. The clearance of creatinine was signifi-
IN7 cantly (P <0.01) higher during the high sodium in-

take than during the period of sodium restriction (105
180 220 260 ±-5 vs. 92±8 ml/min).

Fig. 1 presents the experimental design and a sum-
)rmal saline on mary of the results of the studies of the effect of
pinephrine (NE saline infusion. The values shown for each 20 minsodium excretion
scretion tends to period are means of the values from all seven studies
to be inversely and they are plotted to show the pattern of response

of plasma DfiH and urinary catecholamines to saline
infusion. By the third period of saline infusion, plasma

n urinary nor- DP3H and urinary norepinephrine + epinephrine had
itial 3 days on decreased appreciably and urinary dopamine and sodium

TABLE I I
Effects of Infusion of Saline

Subject Regimen V UNaV DA NE + E D#H Hct CIN CPAH

ml/min jeq/min pg/20 min U/ml % ml/min
D. J. Control 8.5 182 2.93 0.58 492 38 86 463

Saline 4.3 473 2.82 0.47 370 34 86 522

J. S. Control 6.4 77 1.40 0.43 209 38 79 432
Saline 4.8 486 2.12 0.36 171 35 92 542

T. G. Control 5.2 98 1.56 0.44 57 41 92 378
Saline 4.8 450 2.12 0.35 48 38 103 372

V. C. Control 5.9 100 2.83 0.68 22 38 74 412
Saline 4.7 447 3.35 0.58 19 36 86 565

S. B. Control 6.5 84 2.45 0.70 173 36 83 446
Saline 3.1 225 3.46 0.79 138 32 94 438

M. E. Control 6.5 107 1.87 0.46 294 34 86 523
Saline 3.6 271 2.52 0.42 250 31 74 453

F. K. Control 7.9 98 2.24 0.34 230 35 104 516
Saline 2.9 160 3.11 0.35 186 32 103 534

Mean Control 6.7±0.44 107±14 2.18±0.22 0.5240.05 211±67 37±1 86±4 453±21
±SE Saline 4.0±0.27 359±47 2.79±0.19 0.47±0.06 169±50 34±1 9144 489428

<0.01 <0.01 >0.10 <0.05 <0.01 >0.2 >0.2

V, urine flow; UN.V, sodium excretion; DA, dopamine excretion; NE + E, norepinephrine plus epinephrine excretion; Hct,
hematocrit; CIN, clearance of inulin; CPAH, clearance of PAH.
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had started to rise. These initial changes progressed
throughout the remainder of the saline infusion except
for urinary norepinephrine + epinephrine which re-
turned toward control values.

Table II summarizes the results of all the studies as
means of the three periods before infusion of saline
(control) and as means of the last four periods of in-
fusion of saline. Control plasma D8H activity varied
over a wide range from 22 to 492 U/ml, with a mean
of 211±67 U/ml. With saline infusion, plasma DPH
activity decreased significantly (P < 0.05) to a mean
value of 169+50 U/ml, a change of 20% which, in
part, may have been dilutional as hematocrit decreased
8%. By the final period Df3H activity had decreased
33% from the mean control value (Fig. 1). Mean
urinary norepinephrine + epinephrine (control, 0.52±
0.05 Lg/20 min) tended to decrease with infusion
(saline, 0.47+0.06 ug/20 min) but the change was not
significant (P> 0.1). Urinary dopamine, however, in-
creased significantly (P <0.01) from a mean control
value of 2.18±0.22 to 2.79+0.19 ttg/20 min in asso-
ciation with an increase in urinary sodium from 107
+14 to 359±47 Aeq/min and a decrease in urine flow
from 6.7+0.44 to 4.0±0.27 ml/min. The ratio of urinary
dopamine to norepinephrine+ epinephrine (4.2, con-
trol; 5.9, saline) increased with saline infusion as it
did with an increase in dietary sodium. The CIN and
CPAH tended to increase with saline infusion but the
values were not significantly (P > 0.2) different from
control values; filtration fraction did not change (con-
trol, 0.19; saline, 0.19).

DISCUSSION
A change in dietary sodium intake from 9 to 209 or
259 meq/day was associated with a significant decrease
in urinary norepinephrine excretion and a significant
increase in urinary dopamine excretion which was sus-
tained throughout the several days of observation after
the diet change (Table I). A qualitatively similar pat-
tern of change in urinary norepinephrine + epinephrine
and in dopamine excretion was also observed during
rapid intravenous infusion of saline (Table II), and
suggests that these changes in urinary norepinephrine
and dopamine occur very quickly when the volume of
extracellular fluid is increased. The specific intermedi-
ary events by which changes in sodium intake lead to
changes in urinary catecholamines are unknown, but
there is evidence that changes in circulating blood
volume may play a role. In previous studies, a restric-
tion of sodium intake wvhich was associated with a con-
traction of plasma volume resulted in an increase in
urinary norepinephrine excretion (3). In other studies,
the effects of autonomic or adrenergic blockade on the
circulatory response to expansion of intravascular or

extracellular fluid volume (18, 19) suggest that one
possible effect of infusion of saline in the present studies
was to decrease adrenergic activity. Presumptive evi-
dence that adrenergic activity did indeed decrease dur-
ing saline infusion was the associated decrease in plasma
DO3H activity (Fig. 1, Table II). This enzyme is con-
tained together with norepinephrine in neuronal secre-
tory granules and the two are released proportionally
from adrenergic neurons in response to nerve discharge
so that the rate of release of DPH may reflect nerve
activity (20-22). Whereas directional changes in plasma
DP3H activity may reflect similar directional changes
in adrenergic nerve activity, the wide range of resting,
preinfusion values for plasma DPH activity in the
normal women, from 22 to 492 U/ml, suggests that
basal D,3H activity in plasma may not correlate very
well with adrenegic activity, a conclusion similar to that
arrived at in another study (14). The reasons for this
apparent lack of correlation are not known but factors
such as the rate of degradation of the enzyme and
the ratio of norepinephrine to D,8H released from the
nerve terminals may be as important as adrenergic
activity in the determination of plasma DJH activity
(14).

The origin of urinary dopamine has not as yet been
clearly elucidated. The content of the diet consumed
has been suggested as a determinant of dopamine ex-
cretion (11). The effects of dietary manipulation on
urinary dopamine have been attributed to a change in
the dietary content of dopa which was presumably de-
carboxylated in the body to form dopamine (23). In
that study (11), the possibility that sodium chloride
intake changed in conjunction with the other changes
in diet cannot be excluded, however. In any event, it is
unlikely that changes in dietary constituents other than
sodium chloride contributed to the changes in urinary
dopamine in the present studies, as sodium was added
to the diet as salt in a shaker or given as an infusion
of saline to subjects in a fasting state.

Interpretation of the changes in dopamine excretion
must begin with a consideration of the source of urinary
dopamine. Dopamine, like norepinephrine and epineph-
rine, is found in a conjugated form in both plasma and
urine (24-26). Whereas free norepinephrine is readily
detectable in human plasma (27, 28) ,2 free dopamine
frequently cannot be detected (25, 12),2 but when it is
measurable, the values are usually less than those for
free norepinephrine (24). As the excretion of free dopa-
mine is severalfold greater than norepinephrine, how-
ever, glomerular filtration could contribute importantly
to urinary dopamine only if hydrolysis of the filtered
conjugate occurred during storage and assay of the
catecholamines. This possibility seems unlikely, how-

2 Kopin, I. J. Personal communication.
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ever, since urinary dopamine conjugates require boiling
in strong acid to be hydrolyzed (29). As the prelimi-
nary perchloric acid deproteinization step in the mea-
surement of plasma dopamine does not appear to hydro-
lyze the conjugates, the conditions of storage, chroma-
tography, and assay of free dopamine in the present
study are not likely to hydrolyze the urinary conju-
gates of dopamine. Thus, it would seem that the free
dopamine measured in urine cannot be accounted for
on the basis of glomerular filtration of free or conju-
gated dopamine.

The major fraction of free dopamine in the urine
appears to reach tubular fluid by tubular transport
rather than by glomerular filtration in the case of renal
arterial infusion of dopamine (30). The implications
of a minimal amount of circulating free dopamine and
excretion of administered dopamine by tubular secretion
are that the bulk of urinary free dopamine originates in
the kidney and is excreted by tubular transport. This
formulation is consistent with the conclusions of others
(25).

An inverse relationship between urinary dopamine
and norepinephrine has been observed in response to
a change in posture. In this case, a change from supine
to an upright position was associated with a decrease
in dopamine and an increase in norepinephrine (2). A
comparison of the ratio of urinary dopamine to urinary
norepinephrine on low and on high sodium diets indi-
cates that in spite of large variations in the excretion
of norepinephrine in the various subjects, the ratio of
dopamine to norepinephrine was clearly higher on the
high sodium diet than on the low sodium diet for each
subject and this difference in ratio was the result of
reciprocal changes in dopamine and in norepinephrine.
In the case of saline infusion, however, an inverse re-
lationship between urinary dopamine and norepineph-
rine was present only during the initial periods of in-
fusion. It should be noted, however, that the concluding
periods of infusion were collected between the hours
of 11 a.m. and 3 p.m. when the circadian excretion of
norepinephrine (and epinephrine) is the greatest (31),
and this could explain the tendency of norepinephrine
excretion to return toward control rather than to de-
crease as urinary dopamine increased further. However,
an inverse relationship between urinary dopamine and
plasma D,8H activity was present throughout the study
(Fig. 1). These findings of an inverse relationship
between urinary dopamine and urinary norepinephrine
and between urinary dopamine and plasma DPH ac-

tivity suggest that urinary dopamine is inversely related
to adrenergic nervous system activity.

There is little experimental evidence which might
relate the present data to events at the adrenergic neu-

ron. It has been shown, however, that pharmacologic

inhibition of DfH in adrenergic nerves by disulfiram
results in an accumulation of dopamine and a decrease
in norepinephrine (32, 33) and that, in this circum-
stance, dopamine and norepinephrine are released with
sympathetic nerve stimulation in the same ratio in
which they are stored (33). These observations as well
as the observation that DfiH in adrenergic nerves in-
creases with increased sympathetic discharge and thus
increased catecholamine synthesis (34) have led to the
conclusion that D,6H may play an important regulatory
role in catecholamine synthesis (35). There is, how-
ever, no experimental evidence that under physiologic
conditions DPH activity might become rate-limiting in
catecholamine synthesis or that dopamine is released
from adrenergic neurons. Furthermore, although dopa-
mine excretion consistently varied in an inverse rela-
tionship with presumed levels of sympathetic nervous
activity, a nonadrenergic neuronal source of altered
dopamine synthesis cannot be excluded.

Dopamine, when infused systemically (6, 7) or into
a renal artery (7, 8) exerts a potent natriuretic ef-
fect. The increase in sodium excretion is usually asso-
ciated with an increase in renal blood flow and glomer-
ular filtration rate. These changes in renal hemody-
namics occur, at least in part, as a result of a direct
action of dopamine on the renal vasculature (36), and,
as they may be selectively attenuated by haloperidol
and chlorpromazine, they are probably mediated by spe-
cific dopamine receptors in the kidney (9, 10). Whereas
changes in renal vasodilatation may be linked to the
increase in sodium excretion by virtue of a decrease
in colloid oncotic pressure and an increase in hydro-
static pressure in peritubular capillaries such that the
tubular reabsorption of sodium is decreased (37-39), a
direct effect of dopamine on tubular transport of
sodium may also occur.

The observation of a decrease in the tubular reab-
sorption of sodium which could not be explained in
terms of events in the peritubular capillary has led to
postulation of the existence of a natriuretic substance
or substances (40). This hypothesis has been supported
by the findings that administration of sodium chloride
is associated with the appearance in the urine of a
peptide or peptides which can depress sodium transport
(41). The report of a direct and significant correlation
between the concentration of urinary sodium and that
of urinary dopamine (2) and the present findings of
an increase in urinary excretion of dopamine in asso-
ciation with an increase in the urinary excretion of
sodium in response to an increase in dietary sodium
or in response to saline infusion suggest that a role in
the physiologic regulation of renal tubular sodium re-

absorption be considered for dopamine. The demon-
stration of such a role for dopamine as well as explora-

198 Alexander, Gill, Yamabe, Lovenberg, and Keiser



tion of possible interrelationships between dopamine
and norepinephrine and other modulators of sodium
metabolism such as the renin-angiotensin system and,
possibly, prostaglandins, await further study.,
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