
Uphill Transport of Urea in the Dog Kidney: Effects of Certain
Inhibitors

Martin Goldberg, … , Andrzej M. Wojtczak, Manuel A. Ramirez

J Clin Invest. 1967;46(3):388-399. https://doi.org/10.1172/JCI105540.

To study the renal medullary transport and accumulation of urea in dogs independent of water transport, we obliterated
the medullary electrolyte gradient by a sustained ethacrynic acid diuresis. Infusions of urea were also given at various
rates to vary urinary urea concentration. In the steady state, the kidneys were removed, and slices were analyzed for
water, urea, and electrolytes. In every experiment in 15 dogs over a range of urinary urea concentration from 19 to 230
mmoles per L and urine flow from 0.5 to 9.7 ml per minute per kidney, an intrarenal urea gradient persisted, and urinary
urea concentration was always lower than papillary water urea concentration. The magnitude of this uphill urinary-
papillary gradient (mean ± SE = - 21 ± 2.9 mmoles per L) was not affected by hemorrhagic hypotension or a nonprotein
diet.

In 12 additional experiments begun similarly, inhibitors were infused into one renal artery. Both iodoacetate, an inhibitor of
anaerobic glycolysis, and acetamide, an analogue of urea, markedly and significantly reduced both the intrarenal urea
gradient and the uphill urinary-papillary gradient. In contrast, cyanide, an inhibitor of oxidative metabolism, had no
observable effect on the urea gradients. The data are best explained by postulating an active transport system for urea in
the medullary collecting duct deriving its energy from anaerobic glycolysis.

Research Article

Find the latest version:

https://jci.me/105540/pdf

http://www.jci.org
http://www.jci.org/46/3?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI105540
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/105540/pdf
https://jci.me/105540/pdf?utm_content=qrcode


journal of Clinical Investigation
Vol. 46, No. 3, 1967

Uphill Transport of Urea in the Dog Kidney: Effects
of Certain Inhibitors *

MARTIN GOLDBERG,t ANDRZEJM. WOJTCZAK,4ANDMANUELA. RAMIREZ§

(From the Renal-Electrolyte Section, Department of Medicine, University of Pennsylvania
School of Medicine, Philadelphia, Pa.)

Summary. To study the renal medullary transport and accumulation of
urea in dogs independent of water transport, we obliterated the medullary
electrolyte gradient by a sustained ethacrynic acid diuresis. Infusions of
urea were also given at various rates to vary urinary urea concentration. In
the steady state, the kidneys were removed, and slices were analyzed for wa-
ter, urea, and electrolytes. In every experiment in 15 dogs over a range of
urinary urea concentration from 19 to 230 mmoles per L and urine flow from
0.5 to 9.7 ml per minute per kidney, an intrarenal urea gradient persisted, and
urinary urea concentration was always lower than papillary water urea con-
centration. The magnitude of this uphill urinary-papillary gradient (mean
+ SE = - 21 + 2.9 mmoles per L) was not affected by hemorrhagic hypo-
tension or a nonprotein diet.

In 12 additional experiments begun similarly, inhibitors were infused into
one renal artery. Both iodoacetate, an inhibitor of anaerobic glycolysis, and
acetamide, an analogue of urea, markedly and significantly reduced both the
intrarenal urea gradient and the uphill urinary-papillary gradient. In con-
trast, cyanide, an inhibitor of oxidative metabolism, had no observable effect
on the urea gradients. The data are best explained by postulating an active
transport system for urea in the medullary collecting duct deriving its energy
from anaerobic glycolysis.

Introduction

It has long been recognized that urea plays a
unique role in the renal concentrating mechanism
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(1-3), and that the renal medulla of the hydro-
penic animal (4-5) has a marked capacity to con-
centrate urea with an increasing gradient towards
the papillary tip. Microcatheterization studies in
the golden hamster have indicated that urea enters
the medullary interstitium from the medullary
collecting ducts (6). Berliner, Levinsky, David-
son, and Eden hypothesized that urea is trans-
ported passively in the renal medulla (3). Ac-
cordingly, all medullary urea transport is thought
to be secondary to prior water movement from the
collecting duct, which raises the intratubular urea
concentration; this creates the downhill concentra-
tion gradient favoring the diffusion of urea through
the epithelial wall of the collecting duct. Vaso-
pressin, which increases the permeability of the
toad bladder (7) and collecting tubular epithelia

§ Present address: British-American Hospital, Lima,
Peru.
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UPHILL TRANSPORTOF UREA

(8) to water, is also presumed to increase the
permeability of the collecting duct to passive urea
transfer (9). Therefore, all urea transport is in-
directly dependent on the maintenance of an in-
tramedullary electrolyte gradient, which is re-
sponsible for the osmotic flow of water out of the
lumen of the collecting duct, and thus creates the
favorable urea gradient.

There are some species, such as the elasmo-
branch fishes (10), in which active tubular reab-
sorption of urea seems to exist. In the rat, pro-
tein depletion and mannitol diuresis can produce
higher concentrations of urea in renal papillary
water than in the final urine (5, 11, 12). These
data have been interpreted as suggesting active
transport of urea across the collecting duct. This
concept recently has been supported by the micro-
puncture studies of Lassiter, Mylle, and Gott-
schalk (13), which revealed a higher urea 14C
concentration in the vasa recta than in the' col-
lecting duct at the same level. However, the ap-
plicability of data on urea transport in the rat to
other species, such as dog and man, has been
questioned (5).

We designed the present study to test the hy-
pothesis of passive urea transport in the dog's re-
nal medulla by studying medullary urea accumu-
lation in the steady state when the medullary elec-
trolyte gradient was obliterated with ethacrynic
acid. Our data revealed that under these con-
ditions a medullary urea gradient was still main-
tained, and furthermore, an uphill concentration
gradient for urea between final urine and papillary
tip was present. The effects on this uphill urea
gradient of iodoacetate, an inhibitor of anaerobic
glycolysis; cyanide, an inhibitor of oxidative me-
tabolism; and acetamide, a possible competitive
inhibitor, were also investigated.

Methods

A total of 30 acute experiments were performed in 30
female mongrel dogs weighing 20 to 25 kg. For 1 week
before the experiment, 27 animals were maintained on a
standard diet containing more than 100 g protein per day
and adequate minerals and vitamins. In three a syn-
thetic nonprotein diet similar to that utilized by Manitius,
Pigeon, and Epstein (14) was substituted for the stand-
ard diet. On the day before each experiment, water was
withheld, and 5 U of Pitressin tannate in oil was adminis-
tered. After the induction of light anesthesia with in-
travenous sodium pentobarbital, a midline abdominal in-
cision was made, the ureters were isolated near their

entrance to the urinary bladder, and polyethylene can-
nulas were inserted up to the pelvis of each kidney. A
priming dose of creatinine was administered intrave-
nously, followed by a sustaining infusion of isotonic sa-
line at a rate of 1 ml per minute containing adequate
amounts of creatinine for clearance determinations plus
aqueous Pitressin given at a rate of 50 mUper kg per
hour throughout the experiment. Cannulas were in-
serted into the femoral artery for blood sampling and into
the femoral vein for subsequent administration of the
various loading solutions. The following experimental
modifications were then utilized.

Mannitol-urea diuresis. Three preliminary experi-
ments were performed (dogs U,, U2, U3) in which diure-
sis was induced by the intravenous infusion of 10% man-
nitol at a rate of 12 to 15 ml per minute. When total
urine flow (V) from both kidneys reached 16 to 18 ml
per minute, the mannitol was stopped and a solution of
8% urea in 75 mMsaline was infused at a comparable
rate until a stable diuresis was maintained for 45 to 60
minutes at V of 20 to 24 ml per minute. For. the last
few collection periods, the urine was collected separately
from each kidney. The renal pedicles were then clamped,
and both kidneys were rapidly removed and immediately
frozen in a mixture of acetone and dry ice. They were
subsequently sliced and analyzed for urea, electrolytes,
and water as described below.

Ethacrynic acid diuresis alone. Thirty to 45 minutes
after instituting the priming and sustaining clearance
infusions, we gave an intravenous priming dose of etha-
crynic acid of 1.25 mg per kg (dogs D,, D2, D4, D15).
This was followed immediately by a sustaining infu-
sion of ethacrynic acid in 5%o dextrose and water ad-
ministered at a rate of 1.25 mg per kg per hour for the
remainder of the experiment. One to 2 hours after the
priming dose of ethacrynic acid, when V was stable and
urinary osmolality was virtually isotonic for three to
four 5-minute collection periods, both kidneys were re-
moved and frozen.

Standard protocol: ethacrynic acid-urea diuresis. The
experiments were begun with an ethacrynic acid diure-
sis as outlined above (dogs U4-U7, U15, U20). In addition,
to serve as a control procedure for subsequent studies in-
volving intra-arterial infusions, both renal arteries were
dissected free, and in dogs U12 and U2o isotonic saline at a
rate of 0.25 ml per minute was infused into each kidney
throughout the experiment. Once a stable state of diu.
resis due to ethacrynic acid was achieved for several pe-
riods, an intravenous infusion of 8%o urea in 75 mMsa-
line was added. This was given at various rates in the
different experiments so as to achieve different steady
state values of V and urinary urea concentrations
(Uurea) at the end of the experiment. When V was
stable within 1 to 2 ml per minute for 30 to 45 minutes
during the combined ethacrynic acid-urea diuresis, the
urine was collected separately from each kidney for two to
four collection periods, after which both kidneys were re-
moved and frozen. In several experiments, in order to
prevent marked sodium depletion and a sharp fall in
glomerular filtration rate (GFR), we gave additional iso-
tonic saline after institution of ethacrynic acid diuresis.
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Standard protocol plus hemorrhage. In two additional
experiments (dogs U8, U9), in order to study the effects
of hemorrhagic hypotension and to reduce V markedly
while still maintaining a reasonably high filtered load of
urea, we removed arterial blood from the femoral artery
during the ethacrynic acid-urea diuresis to lower mean
arterial blood pressure (BP) to approximately 50 mm
Hg (from previous values exceeding 100 mmHg). BP
was monitored with a mercury manometer. During
stable V and BP, the kidneys were removed and frozen.

Standard protocol plus nonprotein diet. Dogs Uio,
U11, and U12 received a synthetic nonprotein diet for 1
week before we performed standard ethacrynic acid-urea
diuretic experiments.

Experiments involving use of inhibitors. In 12 experi-
ments, the study was begun with an ethacrynic acid diu-
resis. In all of these animals, during the initial prepa-
rations, both renal arteries (before the bifurcation) were
dissected free and no. 23-gauge needles inserted into each
vessel, the tip pointing against the direction of blood flow.
The needles were kept open with infusions of isotonic
saline at a rate of 0.25 ml per minute. A saline infusion
to the contralateral renal artery was maintained, and this
served as the control kidney. The dosages of both cya-
nide and iodoacetate chosen were in the dose range al-
ready demonstrated by Fujimoto, Nash, and Kessler (15),
and by Herms and Malvin (16), to have had definite uni-
lateral effects on renal function (urinary osmolality, so-
dium excretion, or both) compared to the contralateral
control.

Cyanide. In three such experiments (dogs U3,, U32,
U3=), sodium cyanide was infused into one kidney at a

rate of 0.012 mg per kg per minute (approximately 2.4 X
10- mmole per kg per minute). Thirty minutes after
initiating the cyanide infusion, the intravenous infusion
of 8%o urea was begun, and 60 to 70 minutes later, during
a stable V, both kidneys were removed and frozen. The
mean total dose of cyanide per kidney per experiment
was approximately 0.4 mmole.

Iodoacetate. In three experiments (dogs U21, U23, U24)
monoiodoacetate was infused into one renal artery during
stable ethacrynic acid diuresis at a rate of 0.10 to 0.15 mg
per kg per minute (approximately 5.3 to 7.4 X 10V
mmole per kg per minute). Forty to 60 minutes later,
the intravenous infusion of 8% urea was started, and
the experiment was terminated with removal of the kid-
neys approximately 50 to 60 minutes later during stable
V. The mean total dose of iodoacetate per animal was

1.2 mmoles. Three additional experiments with iodo-
acetate were performed (dogs U14, U17, U19), in which
comparable doses of iodoacetate were infused into one

renal artery for 80 to 100 minutes after the institution of
the combined ethacrynic acid-urea diuresis. Thus, in
three animals, iodoacetate was given before the urea in-
fusion, and in three others iodoacetate was given after
the urea diuresis was established.

Acetamide. In dogs U., U27, and U2s, during the etha-
crynic acid diuresis, a solution containing acetamide in
quantities calculated to provide a renal arterial blood
level of approximately 45 mmoles per L was infused

into one renal artery in place of the saline infusion.
This infusion was continued for 30 minutes, after which
it was replaced by a solution infused at the same rate
which contained the same concentration of acetamide
plus urea at a concentration equal to one-half that of
acetamide. A solution containing the identical concentra-
tion of urea was also simultaneously infused into the renal
artery of the control kidney. Thus, acetamide and urea
were infused in 2: 1 proportions into the experimental
kidney, and only urea was infused into the control. In
approximately 60 minutes, during stable V from both kid-
neys, the kidneys were removed and frozen.

Processing of renal tissue and chemical analyses. The
kidneys of all experimental animals plus ten kidneys from
five nondiuretic hydropenic animals were frozen and
sliced in the manner described below.

Two cross-sectional slices approximately I inch thick
were taken from near the center of each frozen kidney.
With a cartilage knife, slices perpendicular to the cortico-
papillary axis were taken from cortex, outer papilla (i.e.,
peripheral portion of the inner zone adjacent to the outer
zone of the medulla), and the tip of the papilla. Each
slice was divided longitudinally into two pieces, each
weighing 100 to 300 mg. Wedried one in an oven at 103
to 1050 C for 48 hours to estimate water content of tis-
sue. The dried tissue, after weighing, was then digested
with 5 ml of concentrated nitric acid, after which the
solution was diluted with water; sodium and potassium
were determined by flame photometry.

The second piece of each slice, after weighing, was
transferred to a mortar and pestle for homogenization
and dilution with 10 ml distilled water. One-ml samples
of this homogenate were taken in duplicate for determina-
tion of urea by the Conway microdiffusion technique
(17). Ammonia blanks were done in each analysis.
Preliminary experiments revealed that the precision
of the determination of urea concentration in tissue wa-
ter in our laboratory was 1 to 2 mmoles per L or better
in duplicate specimens, and recovery from tissue was 100
± 0.5%o. In each experiment, sodium, potassium, urea,
ammonia, and water content were determined on two
slices from each kidney at a given level (cortex, outer
papilla, and papillary tip); the values were averaged to
yield the mean value of that level in a given kidney.

Dialysis of tissue homogenates. To assess the extent
of tissue protein binding of urea, we performed two ad-
ditional in vitro experiments. Each was begun by in-
ducing an ethacrynic acid diuresis in a dog. During
stable V, the kidneys were removed and the inner white
medulla from each kidney was removed and homogenized
in a mortar and pestle, with sufficient isotonic saline to
provide no more than 1: 2 to 1: 3 dilution of the tissue.
Isotonic saline solution was used as the dialyzing fluid.
In experiment 1, sufficient urea was added to homogenate
and dialyzate to provide approximately equivalent con-
centrations of urea on both sides of the membrane before
dialysis. In experiment 2, no urea was added to the pre-
dialysis dialyzing fluid. Dialyses were performed for
240 minutes with a cuprophane membrane suspended be-
tween two Lucite chambers, each with a capacity of 2.5
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ml. Turbulance was maintained on each side of the
membrane by bubbling air through the dialyzate and
homogenate.

All blood and urine specimens were analyzed for os-

molality, sodium, potassium, creatinine, and urea by
methods described previously (18). Urea was deter-
mined by the Conway microdiffusion technique (17).
Osmolar clearance (Cosm) and solute-free water reab-
sorption (TCH20) were calculated as follows: Cosm =

(U.sm X V)/Posr, and TCH2o = Cosm-V; Uosm = uri-
nary osmolality (milliosmoles per kilogram), Posm =

plasma osmolality (milliosmoles per kilogram), and V =

urine flow (milliliters per minute). Statistical calcula-
tions were done with standard techniques (19).

Results

Mannitol-urea experiments. Because mannitol
diuresis has been a technique used in rats to pro-

duce a higher urea concentration in the renal
papilla than in final urine (5, 12), three prelimi-
nary experiments with mannitol diuresis followed
by urea diuresis were performed. In these ex-

periments, during stable V from both kidneys
greater than 17 ml per minute, the urine was still
hypertonic (mean Uosm/Po.m = 1.21), and there
were still intrarenal gradients for both urea and
nonurea solute from cortex to papillary tip. In
two of the three dogs (U1 and U2), the urea con-

centration of papillary tip water was lower than
final urinary urea concentration. Mean A[urea]
(i.e., Uurea minus papillary water urea concen-

tration) of all kidneys in these animals was + 16
mmoles per L. In dog Ua, [urea] of the left and
right kidneys was - 5 and - 7 mmoles per L,
respectively. An uphill urea gradient was, there-
fore, present in one of three dogs (two of six kid-
neys), but the difficulty of reproducing this phe-
nomenon in the dog made it necessary to utilize a

different approach to study urea transport.
Experiments utilizing ethacrynic acid. Whenan

experiment was initiated by a sustained ethacrynic
acid diuresis, an uphill urinary-papillary gradient
(negative A [urea] ) was produced in every in-

stance, except in those kidneys subjected to cer-

tain inhibitors (vide infra). Table I outlines
a typical ethacrynic acid-urea experiment (stand-
ard protocol) in dog U4. During the initial etha-
crynic acid diuresis Uurea fell to very low levels,
but it was subsequently elevated by the urea infu-
sion to a higher steady state level at the end of the
experiment. The renal tissue and urinary ana-

lytical data of this experiment (dog U4) are con-

TABLE I

A representative experiment utilizing standard
protocol in dog U4*

Time Uosm Posm V Uurea GFR

min mOsm/kg mOsm/kg ml/min mmoles/L ml/min
0- 21 1942 308 0.36 1,152

21-100 Cannulate both ureters; combine urine from
both kidneys; start priming and sustaining
creatinine and Pitressin. Infuse 0.85% saline
at 4 ml/min. Priming dose of ethacrynic
acid, 1.25 mg/kg; start sustaining ethacrynic
acid, 1.25 mg/kg/hr.

170-175 311 312 12.8 71
175-180 310 311 12.0 68
180-185 310 314 11.1 17 77

185 Start 8%urea at 16 ml/min.
Start collecting urine separately from each

kidney.
245-250

L 400 410 9.6 166 24
R 408 410 7.8 182 21

250-256
L 406 418 8.7 176 21
R 414 418 7.2 188 19

256 Both kidneys removed and frozen.

* Standard protocol = hydropenia-ethacrynic acid-8%
urea.

Abbreviations: UO=urinary osmolality; POm=plasma
osmolality; V= urine flow; Uura = urinary urea concentra-
tion; and GFR=glomerular filtration rate.

tained in Table II, which summarizes the tissue
and urinary data from all experiments employing
ethacrynic acid without the use of inhibitors. Both
kidneys from dog U4 show total obliteration of the
intrarenal electrolyte gradient. In striking con-
trast, an intrarenal urea gradient was still present;
furthermore, the papillary tip urea concentration
of both kidneys was higher than the ipsilateral
pelvic urinary urea concentration. For the left
and right kidneys A [urea] was - 29 and - 37
mmoles per L, respectively.

From Table II, it can be seen that a downhill
or positive A[urea] was present only in the hy-
dropenic controls, where an intramedullary elec-
trolyte gradient was also present. In every other
experiment, regardless of the Uurea, V, GFR, or
plasma urea concentration, an uphill or negative
A[urea] was obtained. Neither hemorrhage nor
protein depletion had a strong influence on the
magnitude of the uphill urea gradient, since there
was no significant difference statistically in the
A[urea] among groups C, D, and E of Table II.
The grand mean A [urea] + standard error for all
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the experimental kidneys was - 21 ± 2.9 mmoles
per L, p < 0.001.

The effects of Uurea and of V on the magnitude
of A[urea] are illustrated in Figures 1 and 2, re-
spectively. In these charts, in addition to the
data from the experiments listed in Table II, the
data from the control kidneys of the 12 experi-
ments that utilized inhibitors are also plotted. In
Figure 1, Uurea is plotted against urea concentra-
tion of papillary water. Since every point lies
below the 450 line, it is apparent that an uphill
urinary-papillary gradient was present in every
experiment. Furthermore, it is clear that the
magnitude of this gradient was not specifically re-
lated to Uurea, which varied from 19 to 230
mmoles per L. This gradient did not appear to
be altered significantly by hemorrhagic hypoten-
sion (upright triangles) or a nonprotein diet (in-
verted triangles). Similarly, as illustrated in Fig-
ure 2, A[urea] was -not closely related to urine
flow, which varied from 0.5 to 11.6 ml per minute
per kidney.

Effects of sodium cyanide. Figure 3 sum-
marizes the renal tissue and urinary concentra-
tions of urea in the three animals prepared ac-

UREA

GRADIENT
(URINE-PAPILLA'

mmoles/liter

A S
-10-0 0

O-vA 0
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0 o
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FIG. 2. RELATIONSHIP BETWEENMAGNITUDEOF UREA
GRADIENT (URINARY UREA CONCENTRATIONMINUS UREA
CONCENTRATIONOF PAPILLARY TIP WATER) ANDURINE FLOW
PER KIDNEY. The gradient was not affected by varying
urine flow over a wide range. Symbols are the same
as in Figure 1.

cording to the standard protocol which also re-
ceived sodium cyanide in one renal artery (U81,
U32, U33). The data from dog U20 are also pre-
sented for comparison. This was an experiment
in which both renal arteries were dissected free,
and only isotonic saline was infused into them
throughout the experiment. It is apparent that in
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LARY UREA CONCENTRATIONS. Symbols: half circle =

ethacrynic acid diuresis alone; solid circle = standard
protocol (ethacrynic acid + urea diuresis) ; upright tri-
angle = standard protocol + hemorrhage; inverted tri-
angle = standard protocol + nonprotein diet; open circle
= control kidneys of experiments using metabolic in-
hibitors (see text). Note that every point lies below
the 450 line, indicating an uphill urinary-papillary gradi-
ent over a broad range of urinary and papillary urea

concentrations.
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FIG. 3. EFFECTS OF SODIUM CYANIDE ON INTRARENAL

AND URINARY-PAPILLARY UREA GRADIENTS. In each ex-

periment the solid line and circles represent the control
kidney, and the broken line and open circles represent

the experimental kidney, which received cyanide (dogs
U31, U20, and U20). Dog U2o, a sham experiment, was

prepared exactly as the other animals, but isotonic sa-

line was infused into both kidneys. PAP= renal papilla.
Note the absence of any effects of cyanide. See text.
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every cyanide experiment the intrarenal urea con-
centration pattern and the uphill urinary-papillary
urea gradient were virtually the same in the con-
trol kidneys (solid lines) and the experimental
kidneys (broken lines). Hence, doses of cyanide
as great as those already used by Fujimoto and
his colleagues (15) to demonstrate definite effects
on renal oxygen consumption and sodium reab-
sorption had no demonstrable effect on the renal
distribution of urea or on the uphill urinary-papil-
lary urea gradient. The mean difference between
the experimental A [urea] and the control
A[urea] was - 4.7, p > 0.25. In the 11 experi-
ments in which the conditions were similar for
both kidneys and no inhibitors were used, there
was also no significant difference between the two
kidneys of a given animal in the magnitude of the
uphill urinary-papillary gradient (standard er-
ror of mean difference = 3.2, p > 0.5).

Effects of iodoacetate. Two types of experi-
ments utilizing monoiodoacetate were performed.
In one group (dogs U16, U17, U19), iodoacetate
was infused into one renal artery after the institu-
tion of both the ethacrynic acid and the urea diu-
reses. Thus, some buildup of papillary urea con-
centration was allowed to occur before the use of
iodoacetate. The results from these experiments
are presented in Table III. In dogs U16 and U17,
unlike all other experiments with inhibitors, the
control kidneys were removed and frozen before
the infusion of iodoacetate into the experimental
kidneys. This accounts for the higher plasma and
cortical urea concentrations in the experimental
kidneys in these studies. In dog U19, the control
kidney remained in situ until the end of the entire

experiment. Regardless of the different base lines,
however, these data show that the intrarenal urea

gradient of the experimental kidney was sharply
reduced and the A [urea] of the experimental kid-
ney was less than that of the control kidney by two-

thirds to three-fourths, a difference that is statis-
tically significant (p < 0.02). There were no

consistent differences in V and GFRbetween the
control and experimental kidneys that might be
invoked to account for these differences.

In a second group of three experiments (dogs
U21, U23, U24), which are summarized in Figure 4,
iodoacetate was begun before initiation of the urea

infusion. Both kidneys were removed together
at the end of the experiment. Under these con-

*

9.

r)

'.9

_ .)

_9)

9.9

C.,

>9

-cd

L-i

M1ICd

z

cd

L>
._

6+

z
Cd

cd

CL+

0 c

z

0,

z

0

$t
3~00 -.

". -4 -q
091 'o000
e4 - C4

') f10
a, 0 0 0 '-40

_ oo

C-r

I3

00 en 00 00

o00 U)

0~~~~~~0

m(~00 000

-.

o "')C'

0
iIV-6 1

0

94

-.6

v
3-~

*8 C'69t)

14ll

0 0
0 x

toX
eD

- bo blo

f) f)

0

0'

00 t- t- t--

0

0

u

00 r0

00,°4_

0

0-

9)

U -0
9)0m

Q-2c~

860
-I c
s 0

394

Orj~ cd

cd0 U)
dd X

Cd ce 4
M- 9)9)

Qw E

08 x

0

> o 9)Q
. ) - .'

90 C

o09) EnO

9)

'0

Cd W

9) 4.J 09

Ei u

,0 9

.,-0

aOr0
44 C.)

0
*0rM4

9'r) Cd0

.._tCi

U).

> 19)

0, X.

00L-J Cd

81, 9)4

0R E Rb

S* 5 n

9)

0 J



UPHILL TRANSPORTOF UREA

SHAM D0S U20

_ ,
10

SC

I I IOU ER PAP
_ORTE p T I URN

DOOU23

27P1 ~~~~K
KOUTERT P3RI

5C

DOs U21

7 11
SHAM Do0 US0

OA__e
0%.

.OUTER[ PAPCORTE PAP TIPURINEP
DOG U24

CORTE OUTER PAP URINE1PAP TIPI

100

50

kUREg

kg9 H0

50

rOUTERI PAPPORTEjPAP TIP URINE

Doe U37

'0O. 0

ORTEXbUTER] PAPURNI PAP I TIPI CORTEX

DO. U.5

OUT
PAP

OSA

7.a

PAP

OUT

IPAP. TI P I
FIG. 4. EFFECTS OF IODOACETATE ON INTRARENAL AND

URINARY-PAPILLARY UREAGRADIENTS. Dog U20 is a sham
experiment, shown for comparison. Note the marked
lowering of the intrarenal gradient and the obliteration
of the uphill urinary-papillary gradient in all experi-
mental kidneys (broken line) compared to contralateral
control kidneys (solid line). In dog U24, the control kid-
ney was inadvertently lost. See text.

ditions, compared to the control kidneys, the intra-
renal urea gradient of the experimental kidneys
was almost totally abolished, and the uphill A [urea]
was virtually obliterated. In the experimental
kidneys of dogs U21, U23, and U24 A[urea] was

- 1, - 3, and 0 mmoles per L, respectively,
whereas A [urea] of the control kidneys of U21 and
UZ3 was -18 and - 47 mmoles per L, respec-

tively. Data on the control kidney of U24 are ab-
sent because the renal artery was inadvertently
torn during dissection, and the organ could not
be used. However, the results from the experi-
mental kidney conform so closely to the others in
this series and are so uniquely different from all
other control observations that they are included.
Data from dog U20, a control animal, are also
shown in Figure 4 for comparison. The differ-
ences in A[urea] between experimental and con-

trol kidneys in all iodoacetate experiments of both
types are highly significant (p < .005).

Effects of acetamide. Data from three experi-
ments (dogs U26, U27, U20) in which acetamide
and urea were infused into the experimental kid-
ney and urea alone was simultaneously adminis-
tered to the control kidney are illustrated in Figure
5. It is apparent that, in the presence of acetamide,
there was a sharp reduction in the medullary urea

gradient; furthermore, the uphill [urea] was

FIG. 5. EFFECTS OF ACETAMIDE ON INTRARENAL AND
URINARY-PAPILLARY UREAGRADIENTS. As in Figures 3 and
4, dog U2o, a sham experiment, is illustrated for compari-
son. In dogs U26, U27, and U2s, the intrarenal urea gradi-
ents are markedly reduced in the experimental kidneys
receiving acetamide (broken line) compared to the con-
tralateral control (solid line). See text.

virtually abolished in dogs U26 and U28 and
sharply reduced in dog U27. The A [urea] of the
experimental kidney, which received acetamide,
was significantly different from that of the control
(p < 0.001).

Thus, to summarize the results of the experi-
ments with inhibitors, both iodoacetate and aceta-
mide reduced the intrarenal urea gradient and the
uphill urinary-papillary gradient for urea. On
the other hand, no effects on these variables were
observed with sodium cyanide. No innate differ-
ences between two kidneys in the same animal
were observed in experiments similarly performed
without the use of specific inhibitors.

In vitro dialysis experiments. These data are
summarized in Table IV. They indicate no differ-
ential distribution of urea at equilibrium between
the homogenate and dialyzate. If tissue protein
binding of urea were a significant factor influenc-
ing our results, then a higher concentration of

TABLE IV

Dialysis of homogenates of renal papilla

Predialysis [urea] Postdialysis [urea]
Experiment

no. Homogenate Dialyzate Homogenate Dialyzate

mmoles/L mmoles/L
1 78.9 79.2 78.9 79.2
2 64.4 0 35.7 35.5

100

50

[UREA]
mmoles
kg H20

100

50 xC
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urea on the tissue side would be expected; such
was not the case.

Discussion

Although active tubular reabsorption of urea
has been inferred from studies in the elasmo-
branch (1), rat (5, 11-13), and sheep (20), this
report represents the first study in which an uphill
urinary-papillary urea gradient has been repro-
ducibly demonstrated in the dog. This is of par-
ticular importance because, heretofore, the strong-
est arguments for passive urea transfer in the re-
nal medulla have been based largely on clearance
(9, 21), stop flow (22), and tissue slice studies
(23, 24) performed in the dog. The critical pro-
cedure in our experiments was the administration
of ethacrynic acid, a drug which inhibits sodium
transport in the loop of Henle (18, 25), thereby
obliterating the intramedullary electrolyte gradi-
ent as observed on tissue analysis. Hence, the os-
motic gradient for water removal from the col-
lecting duct was eliminated (Uosm/Posm approached
1.0, T!H20 approached zero). Despite the fact that
net water reabsorption in the final concentrating
operation was virtually nonexistent, medullary
urea transport and the accumulation of urea along
a rising intramedullary concentration gradient
were still present.

Micropuncture (26) and microcatheterization
(6) studies on urea transport in the rodent have
revealed that the major direct source of medullary
urea was the collecting duct (11). Although the
details of the direction of urea movement in the
dog kidney have not been so well worked out,
studies by Clapp (12) indirectly suggest the pres-
ence of a medullary system of urea circulation in
the dog kidney qualitatively similar to that in the
rat, in which a major fraction of filtered urea is
reabsorbed in the collecting duct. If this is true,
our data indicate the presence of a steady state
uphill transport gradient for urea.

Although this uphill transport gradient in itself
suggests active transport of urea, other possible
explanations involving passive transfers of urea
must be evaluated. Solvent drag appears to be an
unlikely mechanism because it cannot produce a
solute concentration on the distal side of the mem-
brane higher than in the solution of origin. Evi-
dence for urea production by kidneys of the

chicken in vivo (27) and the frog in vitro (28)
has been presented. If this occurred in the renal
medulla, then de novo urea synthesis could con-
tribute to the total medullary urea concentration
and theoretically, at least, might raise tissue urea
concentration to values above that in final urine.
There is no evidence, however, that renal synthe-
sis of urea plays a quantitatively significant role
physiologcally. In the chicken, Owen and Robin-
son (27) could find no evidence that urea syn-
thesis was the source of a significant fraction of
excreted urea unless arginine was infused. In the
rat, Truniger and Schmidt-Nielsen (11) observed
that the specific activity of medullary urea 14C was
no different from that in plasma and renal cortex;
and Lassiter and associates (13) found that urea
14C concentration of blood in the vasa recta was
greater than that in the collecting duct. These
observations suggest, therefore, that the contri-
bution of a urea-producing system in the renal
medulla to the total urea concentration of tissue
water or vasa recta plasma is negligible.

The binding of a large proportion of papillary
urea to tissue protein could also account for an
apparently higher urea concentration in tissue wa-
ter than in urine in our experiments. This is be-
cause urea and water contents were determined
independently, and the aqueous concentration of
urea was then calculated. Under these conditions,
the "true" aqueous tissue urea concentration could
be lower than that of collecting duct urine, thus
favoring passive downhill diffusion, whereas ap-
parent "total" tissue urea concentration, which in-
cluded bound urea, would be higher than that of
final urine. No evidence has been provided, how-
ever, which indicates that mammalian tissue pro-
teins bind urea to any measurable degree. Fur-
thermore, dialysis experiments performed by Las-
siter and co-workers on plasma proteins of the rat
(13) and by us on canine medullary tissue have
failed to uncover evidence for binding of sufficient
magnitude to account for our results. In addi-
tion, the fact that iodoacetate reduced or ob-
literated the uphill urinary-papillary gradient
argues strongly against simple physical or physico-
chemical binding. Still possible, but perhaps un-
likely, would be a urea-binding system requiring
energy derived from anaerobic glycolysis.

When the experiments with the various inhibi-
tors are taken into consideration, the most likely
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explanation for all of our observations is that urea
is actively transported from the collecting duct
into the medullary interstitium. Because iodo-
acetate, an inhibitor of anaerobic glycolysis (29),
distinctly affected the uphill urea gradient and
cyanide, an inhibitor of the electron transport
system, had no measurable effect, it appears that,
under our experimental conditions, the energy
supply for medullary urea transport was derived
principally from anaerobic metabolism. This con-
clusion is also compatible with our observation
that both the intrarenal urea gradient and the up-
hill urinary-papillary gradient were maintained,
despite the presence of hemorrhagic hypotension
and renal ischemia. Schirmer (30) studied the
in vitro metabolism of canine renal medullary
slices after prolonged clamping of the renal ar-
tery and found a remarkable capacity of the
medulla to maintain glycolysis despite severe
ischemia. Kean, Adams, Winters, and Davies
(31) hypothesized that most, if not all, of the
chemical energy utilized in the renal medulla was
derived from anaerobic metabolism. They based
their conclusion on in vitro studies that revealed
a high rate of glycolysis in the renal medulla and
also on the principles of countercurrent exchange,
which predict a low oxygen tension in the inner
medulla. They speculated further that this sys-
tem was the major energy source for sodium
transport in the countercurrent multiplier system.
Although this may be true, attention should also
be directed to the possibility that medullary anaer-
obic glycolysis is of equal or greater importance
in the transport of urea.

The effects of acetamide, a compound structur-
ally related to urea, in reducing the intrarenal ac-
cumulation of urea and markedly lowering the
uphill urinary-papillary gradient also support the
concept of active urea transport. There are sev-
eral examples wherein acetamide and another
urea analog, methylurea, are transported similarly.
In the renal medulla of the rat, where uphill urea
transport appears to occur, both acetamide and
methylurea accumulate in a manner qualitatively
similar to urea (11); in the renal tubules of the
elasmobranch, these compounds are actively reab-
sorbed in a manner similar to urea, but thiourea is
not (32). Rabinowitz and Kellogg (33) have
shown in the dog that both acetamide and methyl-
urea and a few other analogues were capable of

enhancing the concentrating ability of the kidney
in a manner resembling the action of urea. Hence,
in our own experimental system, acetamide may
share the same transport or carrier sites as urea
and thus serve as a competitive inhibitor of urea
transport. An alternative, but less likely, explana-
tion for the observed effects of acetamide in our
studies is that this compound competes with urea
for certain specific tissue protein-binding sites.

Several questions concerning the nature of the
proposed urea transport system and its relation-
ship to water reabsorption and to the effects of
vasopressin remain to be answered. Our ob-
servation that the magnitude of the urinary-papil-
lary uphill gradient was reasonably stable over a
wide range of V and Uureal may be pertinent.
This finding could be explained if the urea trans-
port system in the collecting duct, rather than be-
ing limited by the tubular load of urea presented
to it, is, in fact, a gradient-limited system, and un-
der the conditions of our experiments the limiting
concentration gradient was unmasked. This in-
terpretation is also compatible with the concept
that the higher the tubular concentration of urea
relative to the interstitial concentration, the more
favorable are the conditions for urea transport.
Thus, under normal hydropenic conditions, which
favor a very high collecting tubular urea concen-
tration due to the high rate of water reabsorption
in the distal tubule and collecting duct, this energy
dependent system is transporting urea downhill
along its chemical gradient. Any condition that
lowers the urea concentration of fluid enter-
ing the collecting duct, such as water diuresis
or solute diuresis, would provide a transtu-
bular gradient less favorable for optimal urea
transport and reduce the rate of urea reabsorption.
Likewise, any condition directly reducing the net
reabsorption of water from the collecting duct,
such as the absence of vasopressin or, more com-
pletely, the obliteration of the medullary electrolyte
gradient, would also inhibit urea reabsorption and,
in the latter case, unmask the limiting uphill trans-
port gradient. Whether urea reaches the medul-
lary interstitium by active transport, as suggested
by our data, or by passive mechanisms, it would
accumulate in the inner medulla according to the
principles of countercurrent exchange involving
the vasa recta (3) and increase papillary and uri-
nary osmolality. An active transport system
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could, in addition, account for the increase in uri-
nary nonurea solute concentration observed un-
der certain conditions after administration of urea
and protein (11, 14).

The above hypothesis on urea transport in the
collecting duct requires no direct effect of vaso-
pressin on urea permeability. Rather, vasopressin,
which alters water permeability of the distal neph-
ron, might indirectly influence urea transport by
changing intratubular urea concentration. Al-
though vasopressin increases the permeability of
the toad bladder to both water and urea (7) and
in vitro perfusion studies of rat collecting duct have
been interpreted as suggesting similar effects
(34), recent direct observations indicate that
vasopressin acts on the distal tubule of the rat (35)
and the collecting tubule of the rabbit (8) to
change their permeability to water and not to urea.
These latter findings are perfectly compatible with
our hypothesis outlined above.
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