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Abstract

 

Active reabsorption of urea appears in the initial IMCD
(IMCD

 

1

 

) of rats fed a low-protein diet. To determine
whether active urea transport also occurs in the deepest
IMCD subsegment, the IMCD

 

3

 

, we isolated IMCDs from
the base (IMCD

 

1

 

), middle (IMCD

 

2

 

), and tip (IMCD

 

3

 

) re-
gions of the inner medulla from rats fed a normal protein
diet and water ad libitum. IMCDs were perfused with iden-
tical perfusate and bath solutions. A significant rate of net
urea secretion was present only in IMCD

 

3

 

s. Replacing per-
fusate Na

 

1

 

 with NMDG

 

1

 

 reversibly inhibited net urea se-
cretion but replacing bath Na

 

1

 

 with NMDG

 

1

 

 or perfusate
Cl

 

2

 

 with gluconate

 

2

 

 had no effect. Net urea secretion was
significantly inhibited by: (

 

a) 

 

250 

 

m

 

M phloretin (perfusate);
(

 

b) 

 

100 nM triamterene (perfusate);

 

 (c) 

 

1 mM ouabain
(bath); and

 

 (d) 

 

cooling the tubule to 23°C. Net urea secre-
tion was significantly stimulated by 10 nM vasopressin
(bath). Next, we perfused IMCD

 

3

 

s from water diuretic rats
(given food ad libitum) and found a significant, fivefold
increase in net urea secretion. In summary, we identified
a secondary active, secretory urea transport process in
IMCD

 

3

 

s of normal rats which is upregulated in water di-
uretic rats. This new urea transporter may be a sodium–
urea antiporter. (

 

J. Clin. Invest.

 

 

 

1998. 101:423–428.) Key
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urine-concen-
trating mechanism

 

Introduction

 

Active urea transport pathways are present in the kidneys of
several mammalian and nonmammalian species. For example,
active urea reabsorption occurs in elasmobranch fishes (1, 2)
and active urea secretion is present in the frog kidney (3, 4). In
mammalian kidney, the presence of active urea secretion in
rabbit proximal straight tubules is controversial since one

study demonstrated a small net urea flux (5), while a second
study did not (6). Based upon results from clearance studies,
active urea secretion is also thought to be present in dog (7, 8)
and human (9) kidney. We showed that urea transport is phys-
iologically regulated because urea is actively reabsorbed by a
secondary active, sodium-coupled cotransport mechanism in
the initial inner medullary collecting duct (IMCD

 

1

 

)

 

1

 

 of rats fed
a low-protein diet, but not in the middle third of the IMCD,
the IMCD

 

2

 

 (10) of rats fed a low-protein diet (11) nor in the
IMCD

 

1

 

 or IMCD

 

2

 

 of rats fed a normal protein diet (11–13).
The IMCD

 

3

 

 is the deepest third of the IMCD and is located
in the papillary tip (10). It consists entirely of a unique cell
type, the IMCD cell (14). This short portion is difficult to mi-
crodissect due to the close proximity of many branches and
there are no isolated perfused tubule studies addressing
whether active urea transport exists in this segment. In this
study, we measured net urea flux in each of the three IMCD
subsegments using the isolated perfused tubule technique. Af-
ter demonstrating that urea was actively secreted only in
IMCD

 

3

 

s, we next examined the mechanism for this active urea
transport.

 

Methods

 

Tissue preparation.

 

All animal protocols were approved by the Em-
ory University Institutional Animal Care and Use Committee. Tu-
bules were obtained from pathogen-free male Sprague-Dawley rats
(National Cancer Institute, Frederick, MD). The rats were kept in fil-
ter-top cages with autoclaved bedding and received free access to wa-
ter and a normal protein diet (NIH-31; Ziegler Brothers, Gardner,
PA) unless otherwise indicated below. 20 min before each experi-
ment, furosemide (5 mg intraperitoneally [IP]) was administered
(15). The kidneys were placed into chilled (17

 

8

 

C), isotonic, dissecting
solution to isolate initial (IMCD

 

1

 

) or terminal (IMCD

 

2

 

 or IMCD

 

3

 

)
IMCD subsegments (10, 14) as described (15, 16).

To alter the rat’s hydration status, the following protocols were
used: (

 

a

 

) Untreated (control). Rats were given food and water ad libi-
tum for 3–5 d; (

 

b

 

) water diuresis. Rats were fed 10% glucose in water
without additional food for 3–5 d. We combined the results from rats
undergoing water diuresis for 3–5 d since there were no differences in
the data obtained from these rats; (

 

c

 

) water diuresis 

 

1

 

 food. Rats
were fed 10% glucose in water and given free access to food for 3–5 d.
We combined the results from rats undergoing water diuresis for 3–5 d
since there were no differences in the data obtained from these rats;
(

 

d

 

) water deprivation. Rats were given free access to food but given
no water for 2–3 d. We combined the results from rats which were wa-
ter restricted for 2–3 d since there were no differences in the data ob-
tained from these rats.

The dissecting solution was gassed with 95% O

 

2

 

 and 5% CO

 

2

 

 and
contained: 118 mM NaCl; 25 mM NaHCO

 

3

 

; 2 mM CaCl

 

2

 

; 2.5 mM
K

 

2

 

HPO

 

4

 

; 1.2 mM MgSO

 

4

 

; 5.5 mM glucose; and 4 mM creatinine. Tu-
bules were transferred into a bath which was continuously exchanged
and bubbled with 95% O

 

2

 

/5% CO

 

2

 

 gas and perfused using standard
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techniques (11–13, 15, 16). The osmolality of all solutions was mea-
sured by vapor pressure osmometry (model 5500; Wescor, Logan, UT).

 

Urea measurement.

 

The urea concentration in perfusate, bath,
and collected fluid was measured using a continuous-flow ultramicro-
fluorometer as described (11–13, 15, 16). Urea flux (J

 

urea

 

) was calcu-
lated as: J

 

urea

 

 

 

5

 

 C

 

o

 

V

 

o 

 

2 

 

C

 

l

 

V

 

l

 

, where C

 

o

 

 is the urea concentration in
the perfusate, C

 

l

 

 is the urea concentration in the collected fluid, V

 

o

 

 is
the perfusion rate per unit length of tubule, and V

 

l

 

 is the collection
rate per unit length of tubule. Based upon this formula, a positive
value for J

 

urea

 

 indicates urea reabsorption while a negative value indi-
cates urea secretion.

To study net urea transport, tubules were perfused with identical
perfusate and bath solutions whose composition were identical to the
dissection solution described above except that 3 mM urea was added
to all solutions (11–13). To calculate J

 

urea

 

, V

 

o

 

 is assumed to be equal
to V

 

l

 

, because there is no osmotic gradient across the tubule and
hence, no driving force for water reabsorption. We showed that the
measured volume flux is 0 under these experimental conditions (11).

 

Effect of vasopressin or inhibitors on net urea transport.

 

The urea
concentration of three to four collections was measured, after which:
(

 

a

 

) 10 nM arginine vasopressin (AVP; Sigma Chemical Co., St. Louis,
MO) was added to the bath (13); (

 

b

 

) 250 

 

m

 

M phloretin (Sigma Chem-
ical Co.) was added to the perfusate (11, 13); (

 

c

 

) 1 mM ouabain
(Sigma Chemical Co.) was added to the bath (13, 17); (

 

d

 

) 100 nM tri-
amterene (Sigma Chemical Co.) was added to the perfusate (18); or
(

 

e

 

) the tubule was cooled to 23

 

8

 

C (11); and three to four additional
collections obtained. Next, the inhibitor was washed out and three to
four additional collections obtained.

A 250-mM stock solution of phloretin was prepared in absolute
ethanol and added to perfusate to achieve a final concentration of
250 

 

m

 

M phloretin and 1% ethanol (19, 20). Control collections were
obtained with 1% ethanol added to the perfusate (11, 13, 19, 20).

 

Effect of ion substitution on net urea transport.

 

The urea concen-
tration of three to four collections was measured. Next, Na

 

1

 

 was
removed from either the perfusate or bath and replaced by 

 

N

 

-methyl-

 

D

 

-glucamine

 

1

 

 (in equimolar concentrations) and three to four collec-
tions were obtained. After the solution was changed to return Na

 

1

 

,
three to four additional collections were obtained (13). In separate
tubules, Cl

 

2

 

 was removed from the perfusate and replaced with equi-
molar gluconate

 

2

 

 (21); three to four collections were obtained for
each experimental condition.

 

Volume flux measurement.

 

Creatinine concentration in perfu-
sate, bath, and collected fluid was measured using a continuous-flow
ultramicro-colorimeter and used to measure volume flux (11, 16).

The perfusion rate (V

 

o

 

) was calculated as: V

 

o

 

 

 

5

 

 V

 

l

 

(Cr

 

l

 

/Cr

 

o

 

), where
Cr

 

o

 

 is the creatinine concentration in the perfusate, Cr

 

l

 

 the creatinine
concentration in the collected fluid, and V

 

o

 

 and V

 

l

 

 are as defined
above. Volume flux (J

 

v

 

) was calculated as: J

 

v

 

 

 

5

 

 V

 

o

 

 

 

2

 

 V

 

l

 

.

 

Statistics.

 

All data are presented as mean

 

6

 

SE and 

 

n

 

 

 

5

 

 number of
rats. Data from three to four collections were averaged to obtain a
single value from each experimental phase in each tubule. To test for
statistical significance between two groups, the Student’s 

 

t

 

 test was
used. To test more than two groups, an ANOVA was used, followed
by a multiple comparison, protected 

 

t

 

 test (22) to determine which
groups were significantly different. The criterion for statistical signifi-
cance was 

 

P

 

 

 

,

 

 0.05. Paired statistical analysis was used for the AVP,
inhibitor, and ion substitution protocols since each tubule was used as
its own control. Unpaired statistical analysis was used for the proto-
cols comparing changes in hydration in vivo.

 

Results

 

Net urea flux.

 

Basal net urea secretion (

 

2

 

9.2

 

6

 

1.6 pmol/mm
per min, 

 

n

 

 

 

5

 

 14, 

 

P

 

 

 

,

 

 0.01 vs. 0) is present in IMCD

 

3

 

s from un-
treated rats (Fig. 1). In contrast, there was no significant net
urea flux in IMCD

 

1

 

s (0.1

 

6

 

0.5 pmol/mm per min, 

 

n

 

 

 

5

 

 5) or
IMCD

 

2

 

s (1.0

 

6

 

0.5 pmol/mm per min, 

 

n

 

 

 

5

 

 5). Tubule lengths,
perfusate flow rates, and collected/perfusate urea ratios are
shown in Table I.

AVP (10 nM in the bath) increased net urea secretion in
IMCD

 

3

 

s from 

 

2

 

12.6

 

6

 

3.9 pmol/mm per min to 

 

2

 

30.7

 

6

 

6.4
pmol/mm per min (

 

n

 

 

 

5

 

 5, 

 

P

 

 

 

,

 

 0.01, Fig. 2, 

 

dashed line

 

). How-

Figure 1. Net urea flux in IMCD subsegments. A significant rate of 
net urea secretion was present only in the IMCD3. Data: mean6SE, 
n 5 5 in IMCD1 and IMCD2, n 5 14 in IMCD3. A negative net urea 
flux indicates net urea secretion. *P , 0.01.

Table I. Perfusate Flow Rate and Collected/Perfusate
Urea Ratio

IMCD subsegment Tubule length Perfusate flow rate
Collected/perfusate

urea ratio

n mm nl/min

IMCD1 5 0.5260.06 22.062.3 0.9960.004
IMCD2 5 0.6760.12 26.965.0 0.9960.01
IMCD3 14 0.6260.04 22.661.6 1.1160.02*

Data: mean6SE; *P , 0.01 vs. 0.

Figure 2. Effect of AVP (10 nM added to the bath) on net urea flux 
in terminal IMCD subsegments. AVP significantly increased net urea 
secretion in the IMCD3 but had no effect on net urea flux in the 
IMCD2. Data: mean6SE, n 5 5, *P , 0.01.
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ever, there was no significant volume flux in IMCD3s when
AVP (10 nM) was added to the bath (20.360.1 nl/mm per
min, n 5 4, P 5 NS vs. 0, Table II). In IMCD2s, AVP had no
effect on net urea flux (basal: 2.760.8 pmol/mm per min, AVP:
0.660.8 pmol/mm per min, n 5 5, P 5 NS, Fig. 2, solid line).

Effect of inhibitors on net urea flux. Phloretin (250 mM in
the perfusate) inhibited net urea secretion from 26.961.6
pmol/mm per min to 20.561.0 pmol/mm per min (n 5 5, P ,
0.01, Fig. 3). When phloretin was removed, net urea secretion
returned to 26.161.3 pmol/mm per min (n 5 5, P 5 NS vs.
control).

Ouabain (1 mM in the bath) decreased net urea secretion
from 210.563.4 pmol/mm per min to 22.561.7 pmol/mm per
min (n 5 4, P , 0.05, Fig. 4). When ouabain was washed out of
the bath, net urea secretion returned to 210.964.0 pmol/mm
per min (n 5 4, P 5 NS vs. basal).

Next, we examined the effect of temperature. Net urea se-
cretion was present when IMCD3s were warmed to 378C
(29.061.8 pmol/mm per min, n 5 5) but disappeared at 238C
(21.361.6 pmol/mm per min, n 5 5, P , 0.01 vs. 378C, Fig. 5).

Effect of ion substitution on net urea transport. Removing
Na1 from the perfusate (and replacing it with N-methyl-D-glu-
camine1) completely inhibited net urea secretion (control:
214.963.1 pmol/mm per min, Na1 removal: 0.060.6 pmol/mm
per min, n 5 5, P , 0.01, Fig. 6). When perfusate Na1 was re-
stored, net urea secretion returned to 28.462.3 pmol/mm per
min (n 5 5, P 5 NS vs. control). In contrast, removing Na1

from the bath had no significant effect on net urea secretion

(control: 211.962.0 pmol/mm per min, bath Na1 removal:
212.162.2 pmol/mm per min, n 5 5, P 5 NS, Fig. 7). Remov-
ing Cl2 from the perfusate (and replacing it with gluconate2)
had no effect on net urea secretion (control: 210.461.4 pmol/
mm per min, Cl2 removal: 210.962.1 pmol/mm per min, n 5
5, P 5 NS, Fig. 8).

When triamterene (100 nM) was added to the perfusate to
block apical sodium channels, net urea secretion decreased
from 210.461.9 pmol/mm per min to 20.661.0 pmol/mm per
min (n 5 5, P , 0.01, Fig. 9). When triamterene was removed,
net urea secretion returned to 28.160.5 pmol/mm per min (n 5
5, P 5 NS vs. control).

Effect of changes in hydration in vivo on net urea flux. In
comparison to IMCD3s from untreated rats (210.361.9 pmol/
mm per min, n 5 15), IMCD3s from rats made water diuretic
(but not given any food) for 3–5 d had significantly higher net
urea secretion (221.964.7 pmol/mm per min, n 5 6, P , 0.01 vs.
untreated rats, Fig. 10). IMCD3s from rats made water diuretic
for 3–5 d and given food ad libitum had even higher net urea
secretion (250.268.3 pmol/mm per min, n 5 5, P , 0.01 vs.
untreated rats or water diuretic rats which were not given

Table II. Volume Flux in IMCD3s with AVP (10 nM) Added to 
the Bath

Tubule length 0.660.1 mm
Collection rate 18.462.5 nl/min
Perfusion rate 18.162.5 nl/min
Collected/perfusate

creatinine 0.9960.01
Volume flux 20.360.1 nl/mm per min (P 5 NS vs. 0)

Data: mean6SE, n 5 4.

Figure 3. Effect of phloretin (0.25 mM added to the perfusate) on net 
urea secretion in the IMCD3. Phloretin significantly and reversibly in-
hibited net urea secretion. Data: mean6SE, n 5 5, *P , 0.01.

Figure 4. Effect of ouabain (1 mM added to the bath) on net urea se-
cretion in the IMCD3. Ouabain significantly and reversibly inhibited 
net urea secretion. Data: mean6SE, n 5 4, *P , 0.05.

Figure 5. Effect of temperature on net urea secretion in the IMCD3. 
Cooling the tubule to room temperature significantly inhibited net 
urea secretion. Data: mean6SE, n 5 6, *P , 0.01.
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food). IMCD3s from rats which were water restricted for 2–3 d
but were given food ad libitum had net urea secretion
(27.462.1 pmol/mm per min, n 5 7) which was not signifi-
cantly different from that in untreated rats.

Discussion

Our major finding is the identification of a previously unrecog-
nized, secondary active, sodium-coupled, urea secretory trans-
port mechanism in the rat IMCD3 subsegment. Urea flux via
this pathway is upregulated in water-diuretic rats. This urea-
secretory transport mechanism was completely and reversibly
inhibited by removing luminal sodium but not by removing lu-
minal chloride or bath sodium. Blockade of apical sodium
channels by luminal triamterene (18) also inhibited net urea
secretion. Inhibition of net urea secretion by ouabain or by
cooling the tubule to 238C further suggest that this urea trans-

port process is an Na1/K1-ATPase dependent, secondary ac-
tive process.

Comparison to other active urea transport processes. There
are previous studies suggesting the existence of active urea
transport. There are phloretin-inhibitable and/or sodium-inde-
pendent active urea transport processes in Bufo bufo (23),
Bufo viridis (24, 25), Rena esculenta (26), and Bufo marinus
(27). The active urea transport processes in the skin of Bufo
viridis (25) and Bufo marinus (27) are also inhibited by amilo-
ride. Like amiloride, triamterene also inhibits the amiloride-
sensitive sodium channel (18). We used triamterene because
we found that amiloride interfered with our fluorometric urea
assay (unpublished observation).

Active urea secretion has been reported in the kidney of
frog (3, 4), rabbit (5), dog (7, 8), and human (9). In the kidney,
Schmidt-Nielsen and colleagues demonstrated active urea
transport which is coupled to sodium reabsorption in the spiny
dogfish, Squalus acanthias (2). In rats, we found that sodium-
dependent active urea reabsorption appears in the initial
IMCD when rats are fed a low-protein diet (11–13). However,

Figure 6. Effect of Na1 removal from the perfusate on net urea secre-
tion in the IMCD3. Removing Na1 from the perfusate (and replacing 
it with N-methyl-D-glucamine1) significantly and reversibly inhibited 
net urea secretion. Data: mean6SE, n 5 5, *P , 0.01.

Figure 7. Effect of Na1 removal from the bath on net urea secretion 
in the IMCD3. Bath Na1 removal did not change net urea secretion. 
Data: mean6SE, n 5 5.

Figure 8. Effect of Cl2 removal from the perfusate on net urea secre-
tion in the IMCD3. Perfusate Cl2 removal did not change net urea se-
cretion. Data: mean6SE, n 5 5.

Figure 9. Effect of triamterene (100 nM added to the perfusate) on 
net urea secretion in the IMCD3. Triamterene significantly and re-
versibly inhibited net urea secretion. Data: mean6SE, n 5 5, *P , 
0.01.
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the net urea flux we found in the present study has characteris-
tics distinct from net urea reabsorption expressed in response
to dietary protein restriction. First, the active urea-secretory
transport process we identified in the present study is inhibited
by phloretin and stimulated by AVP, while the active urea re-
absorptive transport appearing in response to a low-protein
diet is not affected by phloretin or AVP (11, 13). Second, ac-
tive urea-secretory transport is expressed in IMCD3s, but not
in IMCD1s or IMCD2s, from rats eating a normal protein diet,
while active urea-reabsorptive transport was only expressed in
IMCD1s after 3 wk of feeding rats a low-protein diet (12).
Thus, the present study is the first demonstration in a mam-
malian-collecting duct subsegment, the IMCD3, of a so-
dium-dependent, phloretin-inhibitable, triamterene-inhibitable,
AVP- stimulatable, secondary active, urea-secretory transport
mechanism.

Physiologic role of net urea secretion in the IMCD3 subseg-
ment. A high rate of net urea secretion in the IMCD3 would
be expected to reduce urea accumulation in the papillary tip.
Counteracting this effect, there is facilitated urea reabsorption
mediated by the AVP-regulated urea transporter UT-A1 (UT-1)
(16, 28–31). We calculated the quantitative effect of net urea
secretion and facilitated urea reabsorption based on the fol-
lowing estimates: (a) facilitated urea reabsorption in IMCD3s
was 125 pmol/mm per min when we imposed a 5 mM bath-
to-lumen urea gradient (32); and (b) the urea concentration
difference between papillary interstitial fluid and urine is
243650 mM in normal rats (33). Consequently, the calculated
urea reabsorptive flux mediated by facilitated urea transport is
z 6,000 pmol/mm per min, a value z 500 times higher than the
net urea-secretory flux we measured in the present study.
Thus, net urea secretion may play a minor role in overall urea
transport in IMCD3s from normal rats.

Any urea gradient created by urea secretion into the IMCD3

lumen could result in a “backleak” of urea because the IMCD3

also expresses facilitated urea transport (16). Thus, the rate of
net urea secretion which we measured may underestimate the
actual rate of urea secretion. Using the values in Table I, a tu-
bule inner diameter of 30 mm, and a basal urea permeability of
50 3 1025 cm/s (15, 32), the calculated maximal rate of urea
“backleak” would be 4 pmol/mm per min. Adding this value to
the measured value for net urea secretion would suggest an ac-
tual urea secretory rate of 15 pmol/mm per min in IMCD3s
from untreated rats. This value is also far below the reabsorp-
tion value, so under normal conditions, urea is reabsorbed
across the IMCD3.

Water diuresis, however, increases the fractional excretion
of urea (34). This implies net movement of urea from the med-
ullary interstitium into the IMCD3 lumen. Results from tissue
slice data are consistent with this formulation (35, 36). More-
over, Wilson and Sonnenberg (37) showed that either water or
mannitol-induced diuresis increases urea secretion from the
distal portion of the rat medullary collecting duct using their
microcatheterization technique. We found that net urea secre-
tion was upregulated twofold in IMCD3s from rats undergoing
water diuresis but food restricted, and upregulated fivefold in
rats undergoing water diuresis and allowed to eat ad libitum.
Thus, an increase in urea secretion into the IMCD3 lumen may
contribute to the higher fractional excretion of urea during wa-
ter diuresis.

Another consideration is the influence of this transport
process on sodium flux. In the IMCD, sodium reabsorption oc-
curs predominantly via amiloride-sensitive sodium channels in
the apical membrane and Na1/K1-ATPase in the basolateral
membrane (38). Since we found that net urea secretion was in-
hibited by both triamterene (in the lumen) and ouabain (in the
bath), we concluded that net urea secretion is coupled to so-
dium reabsorption in IMCD3s. Water diuresis is known to in-
crease sodium delivery and reabsorption in the rat medullary
collecting duct (39, 40). Thus, it is possible that upregulation of
this sodium-dependent, net urea secretory transport mecha-
nism is a response to water diuresis and mediates the increase
in net urea secretion and sodium reabsorption which occurs in
vivo.

It is interesting to consider why there are two urea trans-
port pathways. Water deprivation decreases the fractional ex-
cretion of urea (34) but it had no effect upon net urea secre-
tion. On the other hand, we found upregulation of facilitated
urea transport in IMCD3s by 2–3 d of water deprivation (32).
Thus, during antidiuresis, the latter pathway rather than active
urea secretion probably plays the major role in determining
urea accumulation in the inner medulla.

The influence of AVP on urea transport is more difficult to
understand. The acute increase in urea secretion after adding
AVP (Fig. 2) could be linked to stimulation of sodium reab-
sorption by the hormone (41–43). Prolonged water deprivation
should have increased plasma AVP levels yet there was no
stimulation of urea secretion (Fig. 10). We cannot explain this
difference but Atherton and colleagues (44) showed that
maintenance of a high plasma AVP level for several hours re-
duces the rate of sodium excretion to pre-AVP levels. These
data suggest that there are differences between acute and long-
term effects of AVP and suggest the possibility that decreased
sodium reabsorption during long-term antidiuresis could limit
net urea secretion in IMCD3s from water-restricted rats.

Cloned urea transporters. Recently, several facilitated urea
transporters have been cloned and shown to exist within mam-

Figure 10. Effect of changes in hydration status in vivo. Compared to 
IMCD3s from untreated rats (solid bar, n 5 15), IMCD3s from rats 
made water diuretic but not given food for 3–5 d had significantly 
higher net urea secretion (open bar, n 5 6). IMCD3s from rats made 
water diuretic and given food ad libitum for 3–5 d had even higher net 
urea secretion (striped bar, n 5 5). IMCD3s from rats which were wa-
ter restricted but given food for 2–3 d had net urea secretion which 
was not significantly different from that found in untreated rats 
(cross-hatched bar, n 5 7). Data: mean6SE, *P , 0.01 vs. untreated 
rats, #P , 0.01 vs. water-diuretic rats which were not given food.
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malian nephron segments (see reference 31 for a review). An
active urea transporter, DUR3, has been cloned from Saccha-
romyces cerevisiae (45). However, urea transport by DUR3 is
independent of sodium (45). Initial expression cloning using
Xenopus laevis oocytes showed that the reabsorptive active
urea transport induced by a low-protein diet is encoded by a
4.4–8.4 kb mRNA size fraction from rat inner medulla (46).
Additional studies are needed to examine active urea trans-
port at the molecular level.

Summary. We found that urea is actively secreted in the
deepest portion of the IMCD, the IMCD3 of normal rats. This
net urea secretion is dependent upon luminal sodium, in-
hibited by phloretin and triamterene, and upregulated by wa-
ter diuresis. Inhibition of Na1/K1-ATPase also reduced net
urea secretion. We propose that net urea secretion in the rat
IMCD3 occurs via a previously unrecognized, secondary ac-
tive, sodium–urea antiporter.
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