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Observations on the Mechanism of Decreased Tubular Reab-
sorption of Sodium and Water during Saline Loading *

LAURENCEE. EARLY t ANDROBERTM. FRIEDLER
(From the Thorndike Memorial Laboratory, Second and Fourth [Harvard] Medical Services,

Boston City Hospital, and the Department of Medicine, Harvard Medical School,
Boston, Mass.)

It has been demonstrated by several recent stud-
ies that the regulation of sodium excretion in-
volves factors other than the total filtered load of
sodium and the renal tubular effects of mineralo-
corticoids. Contrary to earlier suggestions that
an increase in the filtered load of sodium may be
sufficient to account for the natriuresis of saline
loading in the dog, de Wardener, Mills, Chapman,
and Hayter (1) reported that the administration
of saline to dogs receiving an exogenous mineralo-
corticoid results in an increased excretion of so-
dium that is not necessarily accompanied by an in-
creased glomerular filtration rate. On the basis
of this and other considerations, these authors sug-
gested that natriuresis resulting from saline load-
ing may be due largely to some unidentified cir-
culating factor that affects tubular reabsorption.
Similar observations that saline loading may re-
sult in natriuresis without a spontaneous increase
in the filtered load of sodium have been made in
this laboratory (2). Levinsky and Lalone (3),
Blythe and Welt (4), and Rector, Van Giesen,
Kiil, and Seldin (5) have demonstrated that hemo-
dynamically induced reductions in the filtered load
of sodium do not abolish the natriuresis of iso-
tonic (3, 5) or hypertonic (4) saline loading.
Thus, several recent investigations are consistent
with the view that the excretion of sodium may be
regulated in part by yet unidentified factors that
alter net tubular reabsorption.

It was the purpose of the present studies to
determine if specific changes in urinary composi-
tion may be associated with saline loading, under
conditions of controlled urine flow. When the
diuretic response to saline loading was prevented
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in one kidney by ureteral or aortic constriction,
a clear effect of the saline load was evident, de.
spite no change in the rate of urine flow. In hy-
dropenic animals receiving vasopressin, saline load-
ing with a constant urine flow was associated
with decreased urinary osmolality, and urinary
electrolyte concentrations (when initially low)
were increased. These changes occurred as glo-
merular filtration rate decreased. The present
results are consistent with the concept that saline
loading in the dog results in decreased tubular re-
absorption of electrolyte through a mechanism
that also affects the urinary concentrating capacity.

Methods

Mongrel dogs, ranging in weight from 12.5 to 15.5 kg,
received no food for 24 hours and no water for 48 hours
before study. Twelve to 16 hours before experiment,
the animals received by intramuscular injection 5 U of
vasopressin1 and 10 mg of desoxycorticosterone acetate
(DOCA).2 In four experiments, additional injections
of vasopressin and desoxycorticosterone were adminis-
tered 2 hours before experimental measurements were
begun. Under pentobarbital anesthesia each ureter was
exposed retroperitoneally, and a cannula was tied tightly
into each renal pelvis. In three experiments umbilical
tape was placed around the aorta, above the left and
below the right renal artery. The ends of this tape were
carried out of the incision through a plastic tube, which
allowed regulated and reversible constriction of the
aorta between the renal arteries. A minimum of 45 min-
utes was allowed before beginning experimental meas-
urements. Two hours before collections a constant infu-
sion of saline was begun at 0.25 to 0.60 ml per minute.
This contained creatinine and p-aminohippurate (PAH)
in amounts necessary for clearance determinations. This
maintenance infusion was acidified to pH 5.5 and de-
livered vasopressin at a rate of 50 to 125 mUper kg per
hour and desoxycorticosterone at 20 sAg per minute.
Blood was collected into heparinized syringes at the mid-
point of urine collections.

1 Pitressin Tannate, Parke, Davis & Co., Detroit, Mich.
2 Organon, Inc., West Orange, N. J.
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In sixteen experiments, urine flow from one kidney
during saline loading was controlled either by ureteral
constriction or by constriction of the aorta between the
renal arteries. In eleven experiments the effects of
ureteral constriction were observed before saline loading,
and in two experiments the effects of aortic constriction
were observed before saline loading. To permit obser-
vations at varying rates of solute excretion and at low
urinary electrolyte concentrations, a constant infusion of
15%o mannitol in 50 mMsodium chloride was infused at
0.5 to 2.0 ml per minute in some experiments. These
experimental designs are outlined in Table I.

Saline loading was accomplished by infusion of 1,000
to 1,750 ml of a modified Ringer's solution (Na, 140 or

145; K, 3.5; Cl, 128.5; and HCO3, 15 or 20 mEq per L).
After loading was complete, this infusion was continued
at 10 to 15 ml per minute. This solution contained cre-

atinine, PAH, and (in experiments employing mannitol)

TABLE I

Experimental designs utilized in study of effects of saline
loading during controlled urine flow

Control of urine flow

Ureteral con- Aortic con- 15%7 man-
striction striction nitol infusion

mIa/min

Exp'ts 1-9 0.5-2.0
Exp'ts 10-13 None

Exp'ts 14-16 0.5

mannitol in amounts estimated to be the plasma concen-

trations of these substances. At the same moment the
loading infusion was begun, adjustment of the ureteral
or aortic constriction was initiated and continued during
a 15- to 20-minute period so as never to stop the flow

TABLE II

Effects of saline loading on urinary composition during controlled urine flow*

Urine
Plasma

V GFR CPAH Osmolality Urea Sodium Chloride
Osmol-

Exp't Time R L R L R L R L R L R L R L ality Sodium

min m/mi mi/min mi/min mOsm/kg mmoles/L mEq/L mEq/L mOsmi mEq/L
kg

13. 40-60 0.42 0.43 40 39 114 110 1,091 1,091 300 304 299 288 230 235
60-80 0.42 0.42 37 36 103 100 1,092 1,088 288 286 294 294 230 237 292 147

1,000 ml saline, 80-100 minutes, then 10 ml per minute; adjust left ureteral constriction, 80-90 minutes
80-105 2.5 0.31 44 26 122 83 538 1,020 213 295 202 241 290 149

105-125 4.9 0.40 40 30 122 137 418 805 28 182 178 246 174 222 289 146
125-145 6.6 0.42 47 23 143 116 394 753 24 143 171 200 168 195 286 145
145-165 6.0 0.41 47 27 123 127 388 753 11 153 170 183 166 178 284 147
165-185 4.5 0.40 43 24 115 103 411 695 29 145 175 186 174 170 280 145

Release left ureteral constriction, 185 minutes
185-195 5.0 2.3 43 47 112 154 404 434 22 38 177 148 170 140 281 145
195-205 4.5 2.7 45 40 116 125 432 437 32 28 186 130 178 118 279 146

7.t 105-115 2.2 2.8 22 24 63 65 532 520 29 23 14 23 16 23 340 140
115-120 2.4 2.7 22 24 64 65 523 515 20 27 15 25 16 23 138

1,000 ml saline, 120-140 minutes, then 15 ml per minute; adjust left ureteral constriction, 120-135 minutes
120-140 5.6 3.0 27 19 112 88 378 448 76 50 74 48 339 140
140-150 9.2 2.8 31 22 119 88 342 466 10 22 92 46 86 44 341 143
150-160 10.3 2.8 31 22 114 89 331 475 9 21 67 42 87 40 337 141
160-170 10.2 2.9 34 22 111 83 336 436 9 16 81 36 83 33 336 140

Release left ureteral constriction, 170 minutes
170-185 7.7 6.1 29 28 103 113 330 339 10 9 74 59 71 60 340 143
185-195 8.4 7.4 30 29 104 106 326 310 7 6 70 60 77 63 338 144
195-205 9.8 8.8 30 28 100 102 328 318 7 8 76 64 80 70 343 144

14.t 66-76 0.62 0.76 28 30 94 117 743 727 128 92 31 62 311 147
76-86 0.62 0.76 29 31 95 102 737 711 95 31 58 54 312 148

1,000 ml saline, 86-106 minutes, then 12 ml per minute; adjust inter-renal aortic constriction, 86-96 minutes
86-111 4.0 0.31 29 9 121 42 392 597 126 74 310 146

111-121 7.3 0.37 30 11 123 67 334 560 8 53 126 57 310 146
121-140 10.4 0.56 35 12 126 88 324 547 7 41 126 85 313 149

Partially release aortic constriction, 140 minutes
140-148 10.8 0.71 34 13 122 68 320 525 125 74 313 148
148-162 9.8 0.75 33 12 120 74 322 480 7 36 124 75 73 313 146
162-167 9.5 0.98 34 15 129 81 323 451 8 36 121 68 314 147

Release aortic constriction, 167 minutes
167-179 7.7 3.3 33 26 130 120 330 371 122 104 314 148
179-19-1 7.7 4.5 33 27 128 112 327 337 9 12 121 111 315 147
194-209 9.6 6.5 37 29 125 102 321 318 8 10 121 114 115 314 148

* V = urine flow; GFR = glomerular filtration rate; CPAH = para-aminohippurate clearance; R = right; , = left,
t 15% mannitol in 50 mMsodium chloride infused at 2.0 ml per minute throughout this experiment.
T 15% mannitol in 501 mMsodium chloride infused at 0.5 ml per minute throughout this experiment,
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FIG. 1. RELATIONSHIP BETWEENURINARY TOTAL SOLUTE

CONCENTRATIONAND GLOMERULARFILTRATION RATE DUR-

ING CONTROLLEDURINE FLOWBY URETERALOR AORTIC CON-
STRICTION. Open symbols represent the last collection
period before constriction of the aorta or one ureter, and
closed symbols represent the last of three or four col-
lection periods during a constant degree of constriction.
On the left are represented experiments in which con-

striction and saline loading were initiated simultaneously
to maintain a constant rate of urine flow. On the right
are represented those control experiments in the same

animals in which constriction of the aorta or the opposite
ureter was carried out before saline loading. Numbers
refer to individual experiments and are the same as used
in Tables I and II. In experiment 9, ureteral constriction
was initiated after a stable diuretic response to loading
was present. All other experiments were performed as

described in the Methods.

of urine and at the same time prevent an increase in the
rate of urine flow. This resulted in a flow of urine less
than the preconstriction value, which slowly increased to
equal, or in some experiments, slightly exceeded the
preconstriction rate. After collecting a minimum of four
periods (total volume, 23 to 201 ml) during a period of
38 to 105 minutes of controlled urine flow, the ureteral or

aortic constriction was usually completely released, and
collections were continued. Before complete release, the
ureteral constriction was released in stepwise fashion in
three experiments, and in two experiments increased con-

striction was applied before complete release.
In three experiments the effects of ureteral constriction

were observed during increasing mannitol diuresis. Urine
was collected at frequent intervals during the infusion of
15% mannitol in 50 mMsodium chloride. One ureter
was then constricted to produce a urine flow equal to some

lower value observed during the increasing diuresis.

This allowed comparison of the urinary composition at
similar rates of urine flow, with and without ureteral

150 constriction, and in the absence of saline loading.
Glomerular filtration rate was measured by the clear-

1300
ance of exogenous creatinine (6), and PAH was meas-

ured by a modification of the method of Smith, Finkel-
stein, Aliminosa, Crawford, and Graber (7). Sodium

1100 and potassium were measured by internal standard flame
photometry, chloride by amperometric titration (8), urea
by a modification of the method of Fawcett and Scott

9oo (9), and osmolality by the freezing point depression.

Results

In sixteen experiments urine flow was kept at
or near control rates by ureteral or aortic con-
striction during saline loading. The results of
representative experiments are given in Table II.
While urine flow was nearly constant in one kid-
ney, the contralateral kidney underwent a diuretic
response to the infusion of saline (Table II). In
the experimental kidney, saline loading was as-
sociated with a fall in urine osmolality 3 in every
experiment, despite little or no change in urine flow
(Figure 1). This was true both in experiments
with relatively high control rates of solute (man-
nitol) excretion (experiments 1 through 9) and
in those with relatively low control rates of solute
excretion (experiments 10 through 16). Although
the decreases in osmolality were associated with
decreases in the concentration of urea, the major
decrease was in the concentration of nonurea sol-
ute (Table II). Glomerular filtration was re-
duced 5 to 62%o (average, 27%o) during saline
loading, when the flow of urine was little changed
from control (Figure 1). At the same time glo-
merular filtration in the contralateral kidneys un-
dergoing diuresis increased by an average of 13%o.
In four experiments in which the urinary concen-
trations of electrolytes were high during the pre-
loading control periods (experiment 13, Table II),
the concentrations of sodium and chloride in the

3 The urinary osmolalities observed in these animals
before saline loading and during mannitol infusion were
in most instances distinctly lower than those expected in
the normal unanesthetized hydropenic dog. The influence
of anesthesia and the surgical procedures on these con-
trol values cannot be assessed. However, maximal ef-
fects of hydropenia and vasopressin must have been pres-
ent, and the conclusions based on the qualitative changes
observed in these experiments would be independent of
the exact degree of urinary hypertonicity as long as a
maximal and constant permeability of the collecting duct
is assumed.
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urine decreased as urinary osmolality fell during
saline loading. In experiments in which urinary
electrolyte comprised a smaller fraction of the total
urinary solute, electrolyte concentrations were usu-
ally increased during saline loading, despite de-
creases in urinary osmolality and little or no change
in urine flow (Table II, Figure 2).

In order to determine whether the kidney was
able to reduce the urinary concentration of electro-
lyte to minimal values during saline loading, ad-
ditional ureteral constriction was applied in two
experiments to reduce urine flow approximately
50%. The concentration of sodium promptly
fell to 3 and 4 mEqper L in the two experiments,
and this fall in the concentration of sodium was
accompanied by a fall in the concentrations of
chloride and potassium. Thus, the presence of

SALINE WOADING CONTROL
140 - 140

120 _ Aorta Ureter 120
Pr-occiusion 0 is

Occlusion A S

100 too0

URINE 80 80
SODIUM U

CONC.
mEq/L 60 " 60

40 6 40

URINEFLOWIN-EXPERIMENTS20

I 3 4 2 34
OSMOLALCLEARANCE

ML/min
FIG. 2. RELATIONSHIP BETWEENURINARY SODIUM CON-

CENTRATION AND OSMOLALCLEARANCEDURING CONTROLLED

URINE FLOW IN EXPERIMENTS EMPLOYING A CONSTANT

MANNITOL INFUSION. Collection periods shown for these
experiments are the same as in Figure 1. During main-
tenance of a relatively constant rate of urine flow by
ureteral or aortic constriction during saline loading, uri-
nary sodium concentration usually increased despite de-
creased osmolal clearance. In contrast, urinary sodium
concentration was decreased strikingly as osmolal clear-
ance decreased during ureteral or aortic constriction dur-
ing control constrictions without saline loading.
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FIG. 3. RELATIONSHIP BETWEENURINARYTOTAL SOLUTE

CONCENTRATIONAND OSMOLALCLEARANCE. The collection
periods shown are the same as in Figure 1. The decreases
in urinary osmolality during saline loading occurred de-
spite decreases in osmolal clearance, in contrast to in-
creases in osmolality during constrictions before saline
loading.

saline loading did not prevent the attainment of
minimal urinary electrolyte concentrations when
the flow of urine was slowed sufficiently.

Since it was not possible to control the flow of
urine at precisely the control rates in all of the
above experiments, the changes in urinary sodium
concentration and osmolality have been compared
to the changes in total solute excretion (osmolal
clearance) in Figures 2 and 3. In the control ex-
periments in which urine flow was reduced by
ureteral or aortic constriction, before saline load-
ing, urinary osmolality increased, and urinary so-
dium concentration decreased, as osmolal clear-
ance was decreased. In contrast, similar decreases
in osmolal clearance during saline loading were
associated with decreases in urinary osmolality
in all experiments, and in most experiments (in
the presence of mannitol) urinary sodium con-
centration increased (Figure 2).

When the ureteral or aortic constriction was
released during saline loading, the excretion of
sodium and water and the glomerular filtration
rate increased immediately to values approaching
those of the contralateral kidney undergoing diure-
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MINUTES

FIG. 4. EFFECT OF SALINE LOADING ON SODIUM EXCRE-
TION DURING CONTROLOF GLOMERULARFILTRATION RATE BY

URETERAL CONSTRICTION. Saline loading and constriction
of the left ureter were initiated simultaneously. The ure-

teral constriction was then partially released in three
steps, with collection periods being made at each stage
of partial release, before being completely released. The
shaded areas represent the extent to which glomerular
filtration rate of the left kidney was decreased below
the lowest preloading control value and the extent to
which sodium excretion by the left kidney was increased
above the highest preloading control value. The effects
of the maintained saline load on glomerular filtration rate
and sodium excretion by the control right kidney are

shown.

sis (Table II). In two experiments the ureteral
constriction was released in a stepwise fashion dur-
ing saline loading. In these experiments frank di-
uresis occurred in the experimental kidney, with
the excretion of sodium approaching 50% of that
of the control kidney undergoing diuresis, at a

time when the glomerular filtration rate was main-
tained distinctly below the preloading control value
(Figure 4), Since diuresis never occurred during
or after ureteral constriction in the absence of sa-

line loading, this natriuresis during partial release
of the ureteral constriction clearly related to the
saline infusion.

The above described changes in urinary osmo-

lality and electrolyte concentrations, during saline

loading with constant urine flow, occurred with
little or no changes in plasma osmolality and so-
dium concentration (Table II, Figure 4).

During the periods of control ureteral or aortic
constriction (before saline loading) shown in
Figures 1, 2, and 3, urine flow was reduced to
values ranging from 35 to 56%o of preconstriction
values, whereas with similar constriction during
saline loading urine flow was intentionally kept
near the preconstriction value. Although under
the two conditions the changes in urinary osmo-
lality and sodium concentration were qualitatively
opposite with similar decreases in glomerular fil-
tration and osmolal clearance (Figures 1 and 2),
it appeared necessary to establish whether ureteral
constriction in the absence of saline loading, and
without a reduction in urine flow, also would be
associated with changes in osmolality and elec-
trolyte concentration opposite to those observed
during saline loading, and without a reduction in
urine flow. In three experiments frequent col-
lection periods were made during increasing hy-
pertonic mannitol diuresis. The flow of urine was
then reduced by ureteral constriction to some lower
value observed during the increasing diuresis.
This allowed comparison of glomerular filtration
and urinary composition at equal rates of urine
flow, with and without ureteral constriction.
In the presence of ureteral constriction glomerular
filtration was reduced 20, 31, and 36%o (reductions
entirely comparable to those observed during sa-
line loading with controlled urine flow). At the
same time urinary sodium and chloride concen-
trations were strikingly reduced, and urinary os-
molality (and urine/plasma osmolality) was in-
creased to the same values observed at the lower
urine flow during the increasing diuresis before
ureteral constriction. Details of one of these
control experiments are given in Table III. Thus,
reductions in glomerular filtration by ureteral con-
striction in the absence of saline loading produced
changes in osmolality and electrolyte concentra-
tions qualitatively opposite to those observed dur-
ing saline loading, even when the same rates of
urine flow are compared in both situations.

Discussion

The observations that glomerular filtration may
not spontaneously increase during saline diuresis
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(1, 2), and that hemodynamically induced reduc-
tions in glomerular filtration may not abolish the
natriuresis of saline loading (3-5), provide strong

evidence that saline loading in the normal dog is
associated with a decrease in the net tubular reab-
sorption of sodium, which is not prevented by the
administration of mineralocorticoids (1-3, 5).
The present studies provide additional evidence
that expansion of the extracellular volume by sa-

line infusion decreases tubular reabsorption, since
in the present experiments sodium excretion in-
creased during saline loading as urinary sodium
concentrations increased in the presence of a re-

duced glomerular filtration rate and unchanged
flow. In addition, striking natriuresis occurred
without an increased filtered load of sodium as

ureteral constrictions were partially released dur-
ing saline loading. The present studies also dem-
onstrate that a decrease in the reabsorption of wa-

ter accompanies the decreased reabsorption of so-

dium, since urine volumes were kept constant as

the total filtered volume was decreased. The most
consistent change produced by saline loading (as
urine flow was kept constant) was a decrease in
urinary osmolality. Regardless of the control os-

molality, the concentration of total solute, as well
as nonurea solute, decreased during saline loading,

despite no increase in urine volume or total solute
excretion. When urinary sodium concentrations
were initially high, saline loading with constant
urine flow was associated with a fall in sodium
concentration (and sodium excretion) as osmo-

lality decreased. When electrolyte comprised a

smaller fraction of urinary solute (during man-

nitol diuresis), the fall in urinary osmolality was

accompanied by an increased concentration of so-

dium and an increased excretion of sodium when
urine flow was constant during saline loading.
These changes occurred despite pretreatment with,
and the constant infusion of, vasopressin and de-
soxycorticosterone. Reduction of glomerular fil-
tration rate by ureteral or aortic constriction in the
absence of saline loading was always associated
with increased urinary osmolality and decreased
urinary electrolyte concentrations, as others have
previously reported (10-13). Even when reduc-
tions in glomerular filtration were produced by
ureteral constriction during increasing mannitol
diuresis, electrolyte concentrations were reduced
and osmolality was not decreased when comparison
was made with similar rates of urine flow before
ureteral constriction.

On the basis of the present observations it may

be suggested that the decreased net tubular reab-

TABLE III

Effects of ureteral constriction during mannitol diuresis on urinary composition*

Urine Plasma

Time V GFR Osmolality Urea Sodium Chloride Osmolality Sodium

min ml/min mllmin mOsm/kg mmoles/L mEqIIL mEq/L mOsm/kg mEq/L

-70 15% mannitol in 50 mMsodium chloride, 1 ml per minute

0 Mannitol infusion increased to 2 ml per minute

0-10 1.58 30 633 56 34 34 331 149
10-20 1.90 28 600 48 35 35 334 147

20 Mannitol infusion increased to 3 ml per minute

20-30 2.2 28 579 40 35 37 339 144
30-40 2.4 27 573 35 35 33 340 143
84-94 3.3 27 555 25 39 41 357 148

94 Adjust ureteral constriction

94-108 2.9 24 564 28 28 30 357 149
108-120 3.0 25 588 30 17 19 357 146

120 Increase ureteral constriction

120-130 2.2 19 600 29 9 11 359 143
130-140 2.0 18 606 28 7 10 360 144

* Values shown are those from the left kidney only,
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sorption of sodium, chloride, and water which ac-
companies extracellular volume expansion in the
dog occurs through a mechanism that also de-
creases the ability to concentrate the urine. Under
the conditions of the present experiments, the de-
creases in urinary osmolality cannot be attributed
to either a decreased availability of vasopression or
to an increased total solute excretion. It also ap-
pears unlikely that the availability of sodium reach-
ing the transport site of the ascending limb of
Henle's loop limited the concentrating capacity in
the present studies, since urinary sodium concen-
tration and sodium excretion were usually in-
creased during saline loading. However, the pos-
sibility cannot be excluded that the reduction in
glomerular filtration (during controlled urine flow)
limited the delivery of sodium to the ascending
limb to such an extent that the concentrating ca-
pacity was diminished. This would require, how-
ever, that sufficient sodium and chloride still es-
caped reabsorption in Henle's loop, only to be re-
jected from reabsorption at some more distal site,
in order that sodium excretion could still be in-
creased. Likewise, the possibility cannot be ex-
cluded that saline loading through some unidenti-
fied pathway directly affects the transport system
of the ascending limb. If sodium reabsorption at
this site were slowed, then urinary osmolality should
decrease as the excretion of sodium increased. Since
less water would be reabsorbed by the collecting
duct, it would be possible to have a reduced glo-
merular filtration rate without a reduction in urine
flow under these circumstances. However, Rec-
tor and associates (5) have reported that during
water diuresis urinary dilution may increase with
saline loading and reduced glomerular filtration,
and on the basis of this observation these authors
have suggested that the decreased tubular reab-
sorption occurs at some site proximal to the as-
cending limb of Henle's loop.

An additional factor that may influence urinary
osmolality is the rate of medullary blood flow,
since an inverse relationship must exist between
medullary blood flow and the degree of medullary
hypertonicity (14-16). This factor could be of
importance in producing the decreased urinary
osmolality observed in the present studies, and it
is entirely possible that changes in medullary blood
flow may indirectly influence sodium reabsorption
and sodium excretion. Under conditions of anti-

diuresis the isotonic tubular fluid entering Henle's
loop is progressively concentrated during passage
through the descending limb (17). This in-
creased concentration very likely occurs as the
result of a passive loss of tubular water to the
hypertonic medullary interstitium and perhaps to
a lesser extent as the result of a gain in solute.
Therefore, the concentration of sodium (chloride)
in the fluid reaching the ascending limb is in-
creased above isotonicity. Probably the same
qualitative situation obtains during water diure-
sis, since medullary interstitial (nonurea) hyper-
tonicity may persist to some degree during water
diuresis (18-20). If medullary blood flow is in-
creased, the degree of medullary hypertonicity
will decrease, and secondarily the volume of water
lost from the descending limb would be dimin-
ished. Therefore, the rate of flow through the
ascending limb would be increased, and the con-
centration of sodium in the fluid reaching this
latter segment would be decreased. It is entirely
possible that the net transport of sodium by the
ascending limb would be diminished under such
conditions. Even if this transport site could
achieve the same minimal concentration of sodium
in the tubular fluid, net reabsorption would be de-
creased as an increased rate of flow of less con-
centrated fluid entered the ascending limb. Little
direct information is available that bears on the
relationships between substrate (sodium) con-
centration and rate of flow, and net reabsorption
by the ascending limb of Henle's loop. How-
ever, Lassiter, Mylle, and Gottschalk (21) and
Giebisch, Klose, and Windhager (22) have re-
ported that during saline loading in the rat, frac-
tional reabsorption by the proximal tubule is
unchanged, whereas the tubular fluid to plasma
inulin ratio in the early part of the distal convolu-
tion of cortical nephrons may be decreased (21).
This latter observation is consistent with the view
that volume reabsorption within Henle's loop is
diminished during saline loading, and unless the
concentration of sodium in the fluid leaving the
ascending limb is decreased (in comparison with
antidiuresis) then less sodium must be reabsorbed
within the loop. Such changes could be even more
marked in juxtamedullary nephrons with long
loops of Henle.

Likewise, there is very little direct information
bearing on the factors that may influence medul-
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lary blood flow. Mlaude and Wesson have sug-
gested that the fall in renal concentrating capacity
(TnHo) which sometimes accompanies saline load-
ing may be due to an increased medullary blood
flow (23). In this laboratory TcHno has been
found to be distinctly lower in mineralocorticoid-
treated dogs during massive expansion with iso-
tonic saline than at similar rates of solute excre-
tion during hypertonic mannitol or hypertonic sa-
line diuresis (24). These observations indicate
that the concentrating mechanism is less efficient
during expansion of the extracellular volume, and
this could be due to an increased medullary blood
flow. Thurau, Deetjen, and Kramer (25) have
reported that the circulation time of medullary
blood flow is decreased during hypotonic saline
loading.

It may appear unlikely that an increased flow
through Henle's loop could have occurred in the
present studies at a time when glomerular filtra-
tion was reduced, unless a simultaneous decrease
in proximal reabsorption occurred. However, the
decreased urinary osmolality (and presumably,
medullary interstitial osmolality) would be associ-
ated with decreased water reabsorption by both
the descending limb and the collecting duct. This
total decreased volume reabsorption could be re-
flected by an equivalent decrease in glomerular
filtration as urine flow is kept constant. As a
consequence of the diminished loss of water from
the descending limb, a similar or even increased
volume could still be delivered to the ascending
limb and more distal parts of the nephron. The
actual increases in sodium excretion observed in
these studies were small and occurred only if the
relative concentration of sodium in the urine was
initially low. However, any influence that flow
rate and substrate concentration may have on re-
absorption by the ascending limb should be much
greater if glomerular filtration were not depressed
and the kidney allowed to undergo diuresis.

The clearance of PAH increased during saline
loading as glomerular filtration was depressed by
ureteral constriction, but aortic constriction was
associated with a decreased clearance of PAH.
This latter observation may not be inconsistent
with the suggestion that medullary blood flow is
increased. The studies of Thurau and Deetjen
are consistent with the view that medullary and

cortical blood flow may vary independently (26),
and Carriere, Thorburn, O'Morchoe, and Barger,
utilizing the krypton technique, have suggested
that during hemorrhage medullary blood flow may
not decrease despite large falls in cortical blood
flow (27). In this laboratory we have found that
during saline loading the extraction ratio for PAH
is decreased 5 to 25% (28). This observation in-
dicates that the clearance of PAH becomes a
smaller fraction of total renal blood flow during
saline loading, and furthermore, the decreased ex-
traction ratio may indicate that a redistribution of
blood away from the cortex occurs during saline
loading.

The suggestion that medullary blood flow may
indirectly alter sodium excretion requires the as-
sumption that net reabsorption by the ascending
limb is influenced by the rate of intratubular flow,
or the concentration of substrate electrolyte, or
both. Confirmation of this hypothesis will de-
pend upon the demonstration that this transport
system does indeed have such characteristics and
that medullary flow is increased during saline
loading. This concept is not inconsistent with the
findings of others who observed that during water
diuresis, saline loading and a reduction in glomeru-
lar filtration were associated with increased urinary
dilution as sodium excretion increased (5). Since
significant medullary hypertonicity may persist
during water diuresis, water will be lost from the
descending limb and a hypertonic fluid delivered
to the ascending limb, even though the final urine
is dilute. If this passive loss of water from the
descending limb is diminished as a consequence
of increased medullary blood flow during saline
loading, then urinary dilution could be enhanced
by the delivery of a larger volume of less con-
centrated fluid to the more distal "water-imperme-
able" segments of the nephron.

Summary

The effects of saline loading on tubular reab-
sorption were studied in the dog by maintaining a
constant rate of urine flow by ureteral or aortic
constriction during saline loading. Under these
conditions of unchanged urine flow, saline loading
was associated with a decreased glomerular filtra-
tion, decreased urinary osmolality (despite hydro-
penia and vasopressin infusion), and usually in-
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creased urinary electrolyte concentrations. Simi-
lar reductions in filtration rate by ureteral or
aortic constriction in the absence of saline load-
ing were associated with increases in urinary os-
molality and decreases in electrolyte concentra-
tion. Decreased tubular reabsorption during sa-
line loading was evident by 1) increased sodium
and chloride excretion with a decreased filtered
load of electrolyte and 2) an unchanged rate of
urine flow in the presence of a reduced filtration
rate. This decreased tubular reabsorption was as-
sociated with decreased urinary osmolality despite
a constant infusion of vasopressin, no increase in
solute excretion, and maintained or increased so-
dium excretion. To account for this combina-
tion of changes, we suggest that saline loading
may result in a primary increase in medullary
blood flow. As a consequence of the decreased
medullary interstitial hypertonicity, passive water
reabsorption from the descending limb of Henle's
loop could be decreased. The resulting increased
rate of flow of fluid with a lower concentration of
sodium may then lead to a decrease in the net reab-
sorption of sodium by the ascending limb and more
distal portions of the nephron.

Acknowledgment

We are indebted to Miss Deborah Lufkin for her as-
sistance with these studies.

References
1. De Wardener, H. E., I. H. Mills, W. F. Chapman,

and C. J. Hayter. Studies on the efferent mecha-
nism of the sodium diuresis which follows the ad-
ministration of intravenous saline in the dog. Clin.
Sci. 1961, 21, 249.

2. Earley, L. E. Effects of renal arterial infusion of
albumin on saline diuresis in the dog. Proc. Soc.
exp. Biol. (N. Y.) 1964, 116, 262.

3. Levinsky, N. G., and R. C. Lalone. The mechanism
of sodium diuresis after saline infusion in the dog.
J. clin. Invest. 1963, 42, 1261.

4. Blythe, W. B., and L. G. Welt. Dissociation between
filtered load of sodium and its rate of excretion
in the urine. J. clin. Invest. 1963, 42, 1491.

5. Rector, F. C., G. Van Giesen, F. Kiil, and D. W.
Seldin. Influence of expansion of extracellular
volume on tubular reabsorption of sodium inde-
pendent of changes in glomerular filtration rate
and aldosterone activity. J. clin. Invest. 1964, 43,
341.

6. Kennedy, T. J., Jr., J. G. Hilton, and R. W. Berliner.
Comparison of inulin and creatinine clearance in the
normal dog. Amer. J. Physiol. 1952, 171, 164.

7. Smith, H. W., N. Finkelstein, L. Aliminosa, B. Craw-
ford, and M. Graber. The renal clearances of sub-
stituted hippuric acid derivatives and other aro-
matic acids in dog and man. J. clin. Invest. 1945,
24, 388.

8. Cotlove, E., H. V. Trantham, and R. L. Bowman.
An instrument and method for automatic, rapid,
accurate, and sensitive titration of chloride in bio-
logic samples. J. Lab. clin. Med. 1958, 51, 461.

9. Fawcett, J. K., and J. E. Scott. A rapid and precise
method for the determination of urea. J. clin.
Path. 1960, 13, 156.

10. Levinsky, N. G., D. G. Davidson, and R. W. Berliner.
Effects of reduced glomerular filtration on urine
concentration in the presence of antidiuretic hor-
mone. J. clin. Invest. 1959, 38, 730.

11. Abbrecht, P. H., and R. L. Malvin. Flow rate of
urine as a determinant of renal countercurrent
multiplier system. Amer. J. Physiol. 1960, 199,
919.

12. Kiil, F., and K. Aukland. Renal concentration mecha-
nism and hemodynamics at increased ureteral pres-
sure during osmotic and saline diuresis. Scand.
J. clin. Lab. Invest. 1961, 13, 276.

13. Abbrecht, P. H., and R. L. Malvin. Effects of GFR
and renal plasma flow on urine osmolarity. Amer.
J. Physiol. 1961, 201, 754.

14. Wirz, H., B. Hargitay, and W. Kuhn. Lokalisation
des Konzentrierungsprozesses in der Niere durch
direkte Kryoskopie. Helv. physiol. pharmacol.
Acta 1951, 9, 196.

15. Hargitay, D., and W. Kuhn. Das Multiplikatrons-
prinzip als Grundlage der Harnkonzentrierung in
der Niere. Z. Elektrochem. 1951, 55, 539.

16. Berliner, R. W., N. G. Levinsky, D. G. Davidson,
and M. Eden. Dilution and concentration of the
urine and the action of antidiuretic hormone.
Amer. J. Med. 1958, 24, 730.

17. Gottschalk, C. W., and M. Mylle. Micropuncture
study of the mammalian urinary concentration
mechanism: evidence for the countercurrent hy-
pothesis. Amer. J. Physiol. 1959, 196, 927.

18. Bray, G. A. Freezing point depression of rat kidney
slices during water diuresis and antidiuresis.
Amer. J. Physiol. 1960, 199, 915.

19. Levitin, H., A. Goodman, G. Pigeon, and F. H. Ep-
stein. Composition of the renal medulla during
water diuresis. J. clin. Invest. 1962, 41, 1145.

20. Jaenike, J. R. Acute effects of the administration
of vasopressin during water diuresis in the dog.
J. clin. Invest. 1963, 42, 161.

21. Lassiter, W. E., M. Mylle, and C. W. Gottschalk.
Net transtubular movement of water and urea in
saline diuresis. Amer. J. Physiol. 1964, 206, 669.

1936



SALINE LOADING ANDTUBULARFUNCTION

22. Giebisch, G., R. M. Klose, and E. E. Windhager.
Micropuncture study of hypertonic sodium chlo-
ride loading in the rat. Amer. J. Physiol. 1964,
206, 687.

23. Maude, D. L., and L. G. Wesson, Jr. Renal water
reabsorption during saline and urea osmotic diu-
resis in the dog. Amer. J. Physiol. 1963, 205, 477.

24. Friedler, R. M., and L. E. Earley. The effect of
saline loading on the renal concentrating mechanism
in the dog. In preparation.

25. Thurau, K., P. Deetjen, and K. Kramer. Himody-
namik des Nierenmarks. II. Wechselbeziehung
zwischen vascularem und tubulirem Gegeustrom-
system bei arteriellen Drucksteigerungen, Wasser-

durese und osmotisher Diurese. Pflugers. Arch.
ges. Physiol. 1960, 270, 270.

26. Thurau, K., and P. Deetjen. Die Diurese bei arteri-
ellen Drucksteigerungen. Bedentung der Hamo-
dynamik des Nierenmarkes ffur die Harnkonzen-
trierung. Pfluigers. Arch. ges. Physiol. 1962, 274,
567.

27. Carriere, S., G. D. Thorburn, C. C. C. O'Morchoe,
and A. C. Barger. Intrarenal distribution of nu-

trient blood flow in dogs during hemorrhagic hy-
potension. Fed. Proc. 1964, 23, 466.

28. Earley, L. E., and R. M. Friedler. Unpublished
observations.

1937


