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Abstract

Urea transport in the kidney plays an important role in uri-
nary concentration and nitrogen balance. Recently, three
types of urea transporters have been cloned, UT1 and UT2
from rat and rabbit kidney and HUT11 from human bone
marrow. To elucidate the physiological role of the latter
urea transporter, we have isolated the rat homologue (UT3)
of HUT11 and studied its distribution of expression and
functional characteristics. UT3 cDNA encodes a 384 amino
acid residue protein, which has 80% identity to the human
HUT11 and 62% identity to rat UT2. Functional expression
in Xenopus oocytes induced a large (~ 50-fold) increase in
the uptake of urea compared with water-injected oocytes.
The uptake was inhibited by phloretin (0.75 mM) and pCMBS
(0.5 mM) (55 and 32% inhibition, respectively). Northern
analysis gave a single band of 3.8 kb in kidney inner and
outer medulla, testis, brain, bone marrow, spleen, thymus,
and lung. In situ hybridization of rat kidney revealed that
UT3 mRNA is expressed in the inner stripe of the outer me-
dulla, inner medulla, the papillary surface epithelium, and
the transitional urinary epithelium of urinary tracts. Co-
staining experiments using antibody against von Willebrand
factor showed that UT3 mRNA in the inner stripe of the
outer medulla is expressed in descending vasa recta. These
data suggest that UT3 in kidney is involved in counter cur-
rent exchange between ascending and descending vasa
recta, to enhance the cortico-papillary osmolality gradient.
In situ hybridization of testis revealed that UT3 is located in
Sertoli cells of seminiferous tubules. The signal was only de-
tected in Sertoli cells associated with the early stages of
spermatocyte development, suggesting that urea may play a
role in spermatogenesis. (J. Clin. Invest. 1997. 99:1506—
1515.) Key words: urea transport « urinary concentration o
kidney . testis « spermatocyte

Introduction

Urea is the major end product of nitrogen metabolism in mam-
mals and its transport in kidney plays an important role in uri-
nary concentration (1-3). Urea transport in the kidney inner
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medulla and in red blood cells is a facilitated process (4, 5). Re-
cently, we have cloned the urea transporter UT2 from rabbit
kidney medulla with functional expression in Xenopus oocytes
(6). Subsequent studies of the corresponding urea transporter
from rat kidney demonstrated that the rat UT gene encodes
two urea transporter splice variants, the originally reported
UT2 (2.9 kb mRNA) and UT1 (4.0 kb mRNA) (7-9). UT1
consists of two internal homologous halves, the NH,-terminal
half is homologous to rat UT2 (59% identity) and the COOH-
terminal half is identical to UT2, indicating that the UT gene
evolved from an ancestral gene by gene duplication (9). Our
studies indicated that UT1 and UT2 are exclusively expressed
in kidney. Interestingly, expression of these isoforms is regu-
lated differently under different physiological conditions. The
UT2 and UT1 mRNAs are upregulated by dehydration and
protein restriction, respectively (7, 8).

Another urea transporter that has 63% amino acid identity
with UT2 was isolated from human bone marrow (HUT11)
(10). HUT11 has been shown to correspond to the erythrocyte
urea transporter and to represent the Kidd (Jk) blood group
antigen (11). A recent study using hydronephrotic kidneys sug-
gested that HUT11 is expressed in vascular structures (12).
However, the precise localization of HUT11 in the kidney has
not been elucidated.

During antidiuresis, urea is reabsorbed from inner medul-
lary collecting ducts (IMCD), a process regulated by vaso-
pressin (13). Accumulation of urea in the inner medulla is cru-
cial for the kidney to maximize urinary concentration. To
establish and maintain the cortico-papillary osmolarity gradi-
ent, urea absorbed in the inner medullary collecting ducts is re-
cycled by secretion into thin descending limbs (14). Counter
current exchange of urea between descending and ascending
vasa recta (AVR and DVR)! and between descending limbs of
Henle loops and AVR is furthermore thought to limit the es-
cape of urea from the inner medulla. Recent studies indicated
that there is a phloretin-inhibitable urea transporter in the
DVR (15). AVR do not need a urea transporter, because their
endothelial cells are fenestrated (16).

Recent localization studies using reverse transcriptase PCR
(17) from isolated nephron segments and immunocytochemis-
try (18) demonstrated that UT2 is expressed in thin descend-
ing limbs of short loops of Henle, suggesting that UT2 pro-
vides a pathway of urea reentry into the descending limbs. The
urea permeabilities are different in tubule segments and blood
vessels (4, 19). Likewise, different types of urea transporters
may participate in urea recycling and counter current ex-
change by analogy with the aquaporin family of water chan-
nels, which includes several renal isoforms involved in urinary
concentration (20, 21).

1. Abbreviations used in this paper: AVR, ascending vasa recta; DVR,
descending vasa recta.



The aim of this study was to characterize the tissue distri-
bution and physiologic role of the erthrocyte urea transporter
by studying its rat homologue and to test whether there are ad-
ditional urea transporter isoforms expressed in rat kidney. A
PCR-based homology cloning approach was used and degen-
erative primers were designed corresponding to conserved re-
gions of the UT family. This led to the isolation of the kidney
urea transporter UT3, which appears to be the rat homologue
of HUT11. UT3 is strongly expressed in the kidney, consistent
with a recent finding based on a partial clone (12). UT3 is fur-
thermore expressed in testis, brain, bone marrow, and spleen.
In the present study, we have undertaken a detailed analysis of
the expression of UT3 in the kidney. We also report its expres-
sion in the rat testis and we propose a potential role of urea
transporters in spermatogenesis.

Methods

PCR amplification and cDNA library screening. Rat kidney poly (A™)
RNA (1 pg) was reverse transcribed using oligo dT primer and Su-
perscript II RNase H-reverse transcriptase (GIBCO BRL, Gaithers-
burg, MD). The following degenerative primer pair which corre-
sponds to to a highly conserved hydrophobic region in UT2 and
HUT11 was designed (7, 10): sense primer, 5'-GT(G/A/T/C)CA(A/
G)AA(T/C)CC(G/AIT/IC)TGGTGGGC-3" (nucleotides 1184-1203,
in rat UT2), antisense primer, 5'-A(A/G)(A/G)CA(A/G)AA(G/A/T/
C)GGCCA(G/A/T/IC)GT(A/G)CA-3' (nucleotides 1936-1955, in rat
UT?2). Reverse-transcribed RNA was amplified in a 20 pl reaction
with 100 pmol of primers. The reaction was carried out using a ther-
mal DNA cycler (4800; Perkin Elmer Corp., Norwalk, CT) for 35 cy-
cles. Each cycle comprised denaturation at 95°C for 10 s, annealing at
55°C for 60 s, and extension at 72°C for 60 s. The PCR products of the
expected size (750 bp) were gel purified and subcloned into the
pCRII vector (Invitrogen, San Diego, CA). The inserted PCR prod-
ucts were sequenced by the dideoxy-termination method using Se-
quenase 2.0 sequencing system (USB Biologicals, Cleveland, OH).
One of the clones (UT3/#10) had a significant homology to the re-
ported urea transporters UT2 and HUT11 and was used as a probe
for screening of a rat inner medulla cDNA library prepared using the
Superscript Cloning System (GIBCO BRL). For library screening,
the EcoRI fragment of the UT3/#10 clone was labeled with *?P-dCTP,
using the T7 Quick Prime kit (Pharmacia LKB Biotechnology Inc.,
Piscataway, NJ). Screening was performed under high stringency con-
ditions that included washing with 0.1 X SSC, 0.1% SDS, at 65°C. A
positive clone was selected and subcloned into pBluescript IT SK(—)
(Stratagene, La Jolla, CA).

Northern analysis. Total RNA was prepared from male Sprague-
Dawley rats by the guanidinium isothianate method using cesium tri-
fluoroacetic acid (Pharmacia LKB Biotechnology Inc.). Poly(A™)
RNA was purified by oligo-dT cellulose chromatography. Total RNA
(10 wg) or Poly(A*) RNA (3 pg) were electrophoresed on a 1%
formaldehyde agarose gel and blotted onto a nylon filter. The full
length UT3 cDNA was excised from pBluescript II using the restric-
tion enzyme Notl and labeled with 3?P-dCTP. The filter was hybrid-
ized at 42°C for 18 h in 50% formamide hybridization and washed at
high stringency (0.1 X SSC/0.1% SDS at 65°C).

In vitro transcription and functional characterization. Sense UT3
cRNA was synthesized from UT3 cDNA in pBluescript SK (—) after
linearization with Sacll, using T7 RNA polymerase. Rat UT2 and
HUT11 cRNA were prepared as previously described (7, 10). Urea
uptake studies in Xenopus oocytes were performed as previously re-
ported (6, 7). In brief, ~ 50 ng of UT3 cRNA was injected into colla-
genase-treated and manually defolliculated oocytes. After incubation
at 18°C in Barth medium for 2-3 d, oocytes were preincubated at
room temperature for 1 h in uptake solution (200 mM Mannitol, 2
mM KCl, 1 mM MgSO,, 1 mM CacCl,, 10 mM Hepes, 5 mM Tris pH

7.4). To measure urea uptake, oocytes were incubated for 90 s with
uptake solution including 2.7 pCi [**Clurea/ml and 1 mM urea. The
uptake was terminated by adding ice cold uptake solution containing
1 mM unlabeled urea. Oocytes were washed five times with the same
solutions and dissolved in 200 wl of 10% SDS. Radioactivity of the ly-
sate was counted using a scintillation counter. For inhibition studies
with urea analogues, oocytes were preincubated for 30 min in uptake
solution containing 50 mM mannitol and 150 mM of urea analogues
(thiourea, 1,1-dimethyl thiourea, or 1,3-dimethyl thiourea; Sigma
Chemical Co., St Louis, MO), and uptake of urea (1 mM) was mea-
sured during 90 s. For inhibition studies with phloretin or para-chlo-
romercuribenzene sulfonate (pCMBS; Sigma Chemical Co.), uptake
of urea (1 mM) was measured in the presence of 200 mM mannitol
and either 0.7 mM phloretin or 1 mM pCMBS.

In situ hybridization. Digoxigenin-labeled antisense and sense
cRNAs were synthesized from linearized plasmids containing the
complete UT3 cDNA using the Genius Kit (Boehringer-Mannheim,
Indianapolis, IN) according to the manufacturer’s instructions. Tran-
scripts were alkalihydrolyzed to an average length of 300-600 base. In
situ hybridization was performed on cryosections (5-10 wm) of
freshly frozen kidneys and testes, based on the protocol described by
Schaeren-Wiemers and Gerfin-Moser (22). The hybridization buffer
consisted of 50% formamide, 5 X SSC, 2% blocking reagent (Boeh-
ringer-Mannheim), 0.02% SDS, and 0.1% N-laurylsarcosine, and
probe (~ 50 ng/ml). Sections were cover-slipped and hybridization
was allowed to proceed at 68°C for 18 h. After hybridization, sections
were washed three times for 5 min in 2 X SSC and twice for 30 min in
0.1 X SSC at 68°C. The hybridized digoxigenin-labeled probes were
visualized using antidigoxigenin Fab fragments (Boehringer-Mann-
heim) and BCIP/NBT substrate as described (22). The sections were
developed for 18 h before they were either mounted in glycerol-gela-
tin PBS or processed for double staining.

To localize the UT3 signal to vascular cells in the kidney, 5-pm
adjacent sections were double stained with an antiserum against von
Willebrand Factor VIII (23) (prediluted solution; Zymed, South San
Francisco, CA). The von Willebrand antibodies were detected with
horseradish peroxidase—conjugated anti-rabbit secondary antibodies
(20 pg/ml; Jackson ImmunoResearch Labs, Inc., West Grove, PA)
followed by a standard DAB reaction. To determine the maturation
state of the spermatocytes in UT3-positive seminiferous tubules of
testis, sections were double-labeled with mouse anti—a-tubulin anti-
bodies (24) (20 pg/ml; Sigma Chemical Co.), which were detected by
a subsequent 1-h incubation with biotinylated anti-mouse secondary
antibodies (5 pg/ml, Jackson Immunoresearch Labs., Inc.) and Cy3-
streptavidin (1%, Zymed). Double-stained sections were cover-
slipped using Vectashield (Vector Lab., Burlingame, CA), and photo-
graphed using fluorescence microscopy.

Results

Molecular cloning of a cDNA from rat kidney inner medulla.
PCR amplification using a degenerative primer pair (see Meth-
ods) yielded 750-bp PCR products, which were subcloned into
the pCRII vector. 20 clones were selected and analyzed by se-
quencing. One of them (UT3/#10) showed 71% amino acid
identity to rat UT2 (7). The other clones either represented
UT?2 or sequences unrelated to UT2. UT3#10 clone was used
as a probe to screen a rat kidney inner medulla Agt10 cDNA li-
brary, and the clone with the longest insert was sequenced. It
consists of 3.8-kb nucleotides and contains an open reading
frame of 1155 nucleotides. The start codon corresponds to a
consensus Kozak consensus sequence (25) (CGCCATGG, nu-
cleotides 90-97). The open reading frame is flanked by a 93
bp-long 5" and a 2.5 kb-long 3" untranslated region. The cDNA
has a poly (A) tail and a polyadenylation site (AATAAA).
The UT3 coding sequence predicts a 384 amino acid residue
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peptide (Fig. 1 A) with a predicted molecular mass of 41 kD.
By analogy with UT2, hydropathy analysis using the Kyte-
Doolittle algorithm suggests the presence of two large hydro-
phobic domains containing 10 putative transmembrane domains
(6, 7) (Fig. 1, B and C). UT3 cDNA has a potential N-linked
glycosylation site at Asn 206 and a potential protein kinase C
(PKC) phosphorylation site at Ser 19, but unlike UT2, there
are no protein kinase A (PKA) consensus sites.
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Figure 1. Amino acid sequence of UT3. (4) Deduced amino acid se-
quence of UT3 and alignments with HUT11 and UT?2 (7, 10). The bar
shows a potential NH,-linked glycosylation site (Asn 206) and the as-
terisk represents a potential protein kinase C phosphorylation site (Ser
19). Putative membrane-spanning regions are underlined and num-
bered 1-10. The sequence has been deposited in the GenBank (acces-
sion No. U81518). A partial sequence of UT3 from amino acid 183 to
296 was reported under the name of rUT11 (12). Compared with our
cDNA sequence, rUT11 has two amino acid differences at the position
of 199 (Met in UT3 vs. Asn in rUT11) and of 266 (Arg in UT3 vs. Gly
in rUT11). This could reflect either a misincorporation of nucleotides
during PCR-amplification of clone rUT11 or an amino acid polymor-
phism of UT3/rUT11. (B) Kyte-Doolittle hydropathy analysis of the
deduced amino acid sequence of UT3 using a window of 21 amino ac-
ids (6). The numbering of putative membrane-spanning regions corre-
sponds to those of A. (C) Schematic representation of a hypothetical
topology of UT3. Potential sites for NH,-linked glycosylation and PKC
phosphorylation are depicted.

Tissue distribution of UT3. High stringency Northern anal-
ysis revealed the presence of a single 3.8 kb transcript in all
positive tissues, suggesting the absence of splice variants (Fig. 2).
UT3 mRNA is strongly expressed in kidney inner medulla,
outer medulla, and cortex. In contrast to UT1 and UT2 which
were found to be kidney specific, UT3 mRNA has a much
broader tissue distribution. Signals were detected in testis, thy-
mus, bone marrow, spleen, and to a lesser degree in the lung.
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Figure 2. Northern blot analysis of UT3 mRNA from various rat tis-
sues. Total RNA (10 wg) from the outer and inner medulla and bone
marrow, or poly (A*) RNA (3 pg) from the other rat tissues were
electrophoresed in a formaldehyde agarose gel and transferred to a
nylon membrane. The filter was probed with *?P-labeled full length
UT3 cDNA and hybridized at 42°C and washed with 0.1%SDS,
0.1XSSC, at 65°C. Autoradiograghy was obtained after 5-d exposure
at —80°C.

Interestingly, high levels of expression were also found in all re-
gions of the brain including cerebrum, cerebellum, brain stem,
and hippocampus. No hybridization signals were detected in
liver, colon, heart, and skeletal muscle. Overall, this tissue dis-
tribution is consistent with Northern analysis based on a par-
tial cDNA probe (12).

Functional characterization of UT3. The transport charac-
teristics of UT3 were determined in UT3 cRNA injected Xe-
nopus oocytes. UT3 expression increased the uptake of urea (1
mM) ~ 50-fold above water-injected control oocytes, resulting
in a urea permeability of ~ 2.5 X 107> cm/s. This value is simi-
lar to those determined for UT2 and HUT11 expressed in oo-
cytes (7, 10). UT3-mediated urea transport was inhibited 57,
21, and 86%, respectively, by the urea analogues, thiourea, 1,1-
dimethyl-thiourea (DMT) and 1,3-DMT, (150 mM inhibitor
concentration) (Fig. 3 A). Inhibition by thiourea was weaker
for UT3 than for UT2 and HUT11, which were inhibited by
62% (150 mM thiourea) and 88% (50 mM thiourea), respec-
tively, (7, 10). Urea uptake by UT3 was blocked 55% in the
presence of 0.7 mM phloretin, a concentration that gave com-
plete inhibition for UT2 and HUT11 (Fig. 3, B and C). Urea
uptake by UT3 was inhibited 32% in the presence of 0.5 mM
pCMBS, whereas HUT11 was inhibited 61% in the same
pCMBS concentration (Fig. 3, B and C). UT2 showed no sen-
sitivity to 0.5 mM pCMBS (Fig. 3 C). Thus, the inhibition stud-
ies indicate a lower sensitivity of UT3 toward phloretin and
pCMBS compared with UT2 and HUT11.

Localization of UT3 mRNA in rat kidney. Fig. 4 A shows a
low-magnification view of longitudinal kidney sections hybrid-
ized with UT3 antisense probe. Dense hybridization signals
are found in the inner stripe of the outer medulla, inner me-
dulla, and papillary tip. The distribution of UT3 mRNA is con-
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Figure 3. Urea transport of UT3 expressed in Xenopus oocytes. Up-
take of urea (1 mM) for 90 s was measured in Xenopus oocytes in-
jected with water and UT3 cRNA. (A) Effects of urea analogues on
urea uptake. The urea uptake was measured in the presence of thio-
urea, 1,1-dimethyl thiourea (DMT), or 1,3-dimethyl thiourea (DMT)
(150 mM concentration). (B) Effects of transport inhibitors on urea
uptake. The urea uptake was measured in the presence of 0.7 mM
phloretin and 0.5 mM pCMBS. (C) Comparison of the effects of
transport inhibitors on urea uptake of UT2, UT3, and HUT11. A per-
centage of urea uptake by UT2, UT3, and HUT11 in the presence of
0.7 mM phloretin or 0.5 mM pCMBS, which is compared with basal
uptake in the absence of the inhibitors, is indicated. The bars repre-
sent the mean+SEM from 6 to 8 oocytes.
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sistent with results from Northern analysis. Higher magnifica-
tion of the papillary tip (Fig. 4 B) shows that UT3 mRNA is
expressed in both the papillary surface epithelium and the
transitional urinary epithelium, which are in close apposition.
Control experiments using sense UT3 RNA as a probe show
only background hybridization (Fig. 4 C).

To determine which structures of the inner stripe of the
outer medulla contain UT3, we double stained kidney sections
with UT3 antisense probe and anti-von Willebrand factor an-
tibody, a marker of the vascular endothelium (23). UT3
mRNA is found in structures which were labeled by anti-von
Willebrand factor antibody, indicating that UT3 is localized in
blood vessels (Fig. 5, A and B). Previous studies showed that
antibodies recognizing the AQP-1 water channels stain water
channels in the vasa recta (26). A costaining experiment using
UT3 cRNA probe and anti-AQP-1 antibody confirmed that
UT3 is localized in vascular structures of the outer medulla
(data not shown).

More detailed analysis of results from in situ hybridization
revealed that the signals in the inner stripe of the outer me-
dulla form the characteristic patterns of vascular bundles (Fig.
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Figure 4. Insitu hybridization of
UT3 mRNA on rat kidney. (A)
Antisense UT3 cRNA probe
was hybridized on a longitudinal
section of rat kidney. C, cortex;
OS, outer stripe of the outer me-
dulla; IS, inner stripe of the
outer medulla; /M, inner me-
dulla. Bar = 2 mm. (B) Higher
magnification of the inner me-
dulla and the urinary space (as-
terisk). The papillary surface
epithelium (small arrows) and
transitional urinary epithelium
(large arrows) are localized in
close proximity. /M, inner me-
dulla; P, papilla. Bar = 1 mm.
(C) Sense UT3 cRNA probe
was hybridized to a different
kidney section. A region similar
to that shown in B is illustrated.

6 A). In contrast, in the inner medulla, the signals are distrib-
uted more sparsely and evenly, which is consistent with the dis-
tribution of vasa recta in this region (Fig. 6 B). The signal in
the papillary tip revealed that UT3 mRNA is present in the
papillary surface epithelium and in the transitional urinary epi-
thelium, both of which line the urinary outflow pathway (Fig.
7). Higher magnification of transitional urinary epithelium
(Fig. 7 B) demonstrates that the large cells at the surface of the
transitional urinary epithelium are relatively poorly labeled,
whereas cells in the deeper layer of the epithelium are strongly
stained.

Localization of UT3 in testis. The low-magnification view
in Fig. 8 A demonstrates that UT3 mRNA is expressed
throughout the testis in a subpopulation of seminiferous tu-
bules. Fig. 8 B shows that the signals reside in Sertoli cells and
that some of the tubules are heavily stained, whereas others
are slightly labeled or unlabeled. Thus, expression of UT3
mRNA along the seminiferous tubules is heterogeneous in a
segmental fashion. To test the possibility that this heterogene-
ity is associated with the degree of spermatocyte maturation in
individual tubules, we costained the same section with anti—



a-tubulin antibodies (Fig. 8 C). In UT3 expressing tubules,
a-tubulin staining appeared to be dot-like and scattered. In
contrast, in UT3 negative tubules, a-tubulin labeling showed
the characteristic stringy appearance of more fully developed
spermatozoa tails. This finding suggests that UT3 mRNA is ex-
pressed only in tubule segments containing spermatocytes in
the early developmental stages.

Figure 5. Colocalization of UT3
mRNA and vascular structures
in the inner stripe of the outer
medulla. (A and B) Adjacent
sections of the inner stripe of the
outer medulla were hybridized
with antisense UT3 cRNA
probe (A) and stained with anti—
von Willebrand factor antibody
(B). Signals of UT3 mRNA are
found in the corresponding lon-
gitudinal structures similar to
those in which von Willebrand
factor is localized (arrows).

Bar = 100 pm.

Discussion

In the present study, we have cloned the urea transporter iso-
form UT3 from rat kidney inner medulla. UT3 has a high
amino acid identity (80%) to the human erythrocyte urea
transporter HUT11 and is distributed widely in various organs
including nonepithelial tissues such as spleen. The data indi-

TS s |

T ; Figure 6. Localization of UT3
s & mRNA in the inner stripe of the
o e, Y outer medulla and the inner me-
S e dulla. (A and B) Antisense UT3
cRNA probe was hybridized on
< il sections of the inner stripe of the

@ : outer medulla (A) and the inner
medulla (B). The structures con-
taining the UT3 signals in the in-
ner stripe of the outer medulla
are arranged in small clusters,
whereas positive structures in
the inner medulla show a more
scattered distribution.

Bar = 100 pm.
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Figure 7. Localization of UT3 mRNA in the inner medulla and in the pelvic cavity. (A) UT3 mRNA in the inner medulla. The papillary surface
epithelium (small arrows) and the transitional urinary epithelium (large arrows) that surrounds the urinary space (asterisk) are both labeled.
Bar = 100 pm. (B) Higher magnification of UT3 staining in transitional urinary epithelium (large arrows). The large cells at the surface of the
transitional urinary epithelium (fop) are relatively poorly labeled, whereas cells in the deeper layer of the epithelium are strongly stained (bot-
tom). Asterisk indicates the urinary space. Bar = 100 wm. (C) Higher magnification of the inner medulla (IM). The papillary surface epithelium
and transitional urinary epithelium are in close apposition. Bar = 100 pm.

cate that UT3 is the rat homologue of HUT11 and that it cor-
responds to the previously reported partial clone rUT11 (12).
The relevance of this study is the detailed functional character-
ization of rat UT3, a precise localization in kidney and testis
using a double staining technique, and showing its localization
in the vascular structures of the kidney, in the papillary surface
epithelium, the ureter, and in the Sertoli cells of testis.
Molecular characterization and pharmacology of UT3. When
expressed in Xenopus oocytes, UT3 exhibits different sensitivi-
ties to inhibitors when compared to HUT11. Comparison of
the responses to the mercury compound pCMBS lead to in-
sights into the structural-function relationships of the urea
transporters UT1, UT2, UT3, and HUT11. UT3 was inhibited
32% in the presence of pCMBS (0.5 mM), whereas HUT11
was inhibited 61 % by pCMBS. In contrast, UT?2 is totally resis-
tant to pCMBS. According to the proposed membrane topol-
ogy, Cys 231 is a probable target of pCMBS, because it is the
only exofacial cysteine residue conserved among UT2, UT3,
and HUT11. Identification of pCMBS reactive residues by a
scanning mutagenesis approach would provide information re-
garding an urea binding site and/or urea translocation pathway.
Localization and physiological role of UT3 in kidney. The
distribution of UT3 mRNA in rat kidney is different from that
of UT1 and UT2. The UT3 transcript is expressed in vasa
recta, most likely in DVR in the inner stripe of the outer me-
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dulla. It is also expressed in the surface epithelium of the pa-
pilla and the transitional epithelium of the upper part of the
ureter.

The inner part of the outer medulla possesses a unique ana-
tomical arrangement of descending limbs of short loops of
Henle and vascular bundles, which consist of AVR and DVR.
These structures are arranged closely together and facilitate a
counter current exchange between AVR and DVR, as well as
AVR and the descending limbs of short loops of Henle. AVRs
arising from the inner medulla contain a relatively high urea
concentration. They have a “leaky” fenestrated endothelial
structure that allows exit of urea that is subsequently absorbed
by DVR or short loops of Henle. It has been previously dem-
onstrated that outer medullary DVR represent an essential
pathway for countercurrent exchange of urea (1-3). In vitro
microperfusion showed that DVR contain a urea transporter
that is inhibited 40, 20-30, and 50% by 200 mM thiourea, 0.5
mM phloretin, and 0.5 mM pCMBS, respectively (15). This in-
hibition profile is similar to UT3 expressed Xenopus oocytes.
Thus, it is reasonable to assume that urea exits AVR via its fen-
estrated structures and enters DVR via UT3, thereby minimiz-
ing urea escape from the inner medulla to systemic circulation.

In situ hybridization (Fig. 6) showed that UT3 signals are
found not only in the outer medullary DVR but also in the
papillary DVR. This finding is against the results of in vivo mi-



croperfusion study (27), which suggests the absence of urea
transporters in the papillary DVR. It is possible that the dis-
crepancy is due to an underestimation of urea permeability in
the microperfusion studies and/or to a strain-difference of UT3
expression between Munich-Wistar rats (microperfusion study)
and Sprague-Dawley rats (in situ hybridization).

The presence of UT3 in the surface epithelium of the renal
papilla and pelvis is in agreement with the hypothesis that the
renal pelvis contributes to urea accumulation in the inner me-
dulla. Superfusion studies showed that urea can penetrate the
papillary surface epithelium of the renal pelvis, and thereby re-
enter the medullary interstitium (28). On the other hand, an-
other study suggested that the renal pelvis is not a major
source of urea recycling, because the permeability and surface
area of the papillary surface epithelium are too small to exert a
physiological effect (29). Analysis of its physiological signifi-
cance awaits further experiments addressing the contribution
of urea movement from the papillary surface epithelium to the
maintenance of the cortico-papillary osmolarity gradient. With
regard to the ureter, a micropuncture study (30) showed that

Figure 8. Localization of UT3
mRNA in testis. (A) UT3 cRNA
probe was hybridized on a sec-
tion of rat testis. UT3 is ex-
pressed throughout the testis in
a subpopulation of seminiferous
tubules. Bar = 1 mm. (B)
Higher magnification of cross
section of seminiferous tubules.
The UT3 signals are detected in
Sertoli cells, which line the pe-
rimeter of the tubules. Bar =
100 pm. (C) Staining of the
same section with anti—a-tubulin
antibody. In UT3 positive tubule
segments, the signals appear to
be punctate and scattered. In
contrast, in UT3 negative seg-
ments, staining displays a char-
acteristic rope-like appearance
of mature spermatozoa tails.
Bar = 100 pm.

~ 7% of the urea from the pelvic outflow is absorbed between
the proximal and distal parts of the ureter before reaching the
bladder. Thus, UT3 mRNA expression in the ureter might be
associated with the urea absorption in this region.
Physiological role of UT3 in testis. Our finding that UT3
mRNA is expressed in Sertoli cells sheds light on a novel phys-
iological aspect of urea transporters. Micropuncture studies
using rat testis revealed that urea can be transported from
blood to the lumen of seminiferous tubules (31). However, lit-
tle is known about the significance of urea transport in Sertoli
cells. The main function of Sertoli cells is thought to be to sup-
port and control germ cell differentiation by providing nutri-
ents and/or regulatory factors (32). Interestingly, UT3 expres-
sion is heterogeneous in cross sections of seminiferous tubules.
Double staining experiments with anti-a-tubulin antibody
showed that the tubule sections expressing UT3 mRNA con-
tain immature spermatocytes, which have not formed long
tails. Since germ-cell differentiation in the seminiferous epi-
thelium progresses in a segmental fashion (32), our results sug-
gest that UT3 is upregulated in the early stages of spermato-
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cyte development. A possible role of UT3 in Sertoli cells is
that it allows exit of urea which is formed during the synthesis
of arginine and ornithine, both of which are intermediates of
the urea cycle (1, 3). Arginine is an essential component of
protamine, a sperm-specific protein (33). Ornithine is an oblig-
atory precursor of the synthesis of polyamines, such as spermi-
dine and spermine (34). Thus, Sertoli cells may need to excrete
large amounts of urea arising from the polyamine pathway
and, therefore, express more urea transporters. Because poly-
amine synthesis in Sertoli cells is known to be induced rapidly
in response to accelerated cell-division of germ cells (34), it is
reasonable to predict that there is a regulatory mechanism to
promote urea transport expression. Understanding the role of
urea transport in spermatogenesis may lead to insights rele-
vant to the pathogenesis of infertility.

Expression of UT3 in other tissues. A striking feature of the
distribution of UT3 is its widespread expression in brain,
which has an mRNA abundance similar to kidney. Little is
known about the significance of urea transport in the brain.
Previous studies demonstrated that brain contains urea at lev-
els similar to those in liver (35). Although the brain per se can
produce urea, the brain, unlike liver, lacks carbamyl phos-
phatase and ornithine transcarbamylase, which are both essen-
tial for citrulline synthesis (36). Thus, this partial defect of urea
cycle enzymes suggests that urea formation in brain has no sig-
nificant involvement in the detoxification of ammonia. Further
localization and physiological studies are required to elucidate
the role of UT3 in brain.

The moderate degrees of expression of UT3 in spleen,
bone marrow, and thymus can be explained by the fact that
blood cells expressing UT3 are pooled in these organs. Low
levels of UT3 expression in lung could account for the weak
signal (~ 4 kb) for lung on Northern analysis of rabbit UT2
under low stringency conditions (6).

It should be noted that no UT3 transcripts have been ob-
served in the liver. The presence of a liver urea transporter has
been postulated, since liver is a major site of urea production
and therefore needs to excrete urea into blood (1-3). Previous
studies using rat liver perfusion (37) and liver mRNA expres-
sion in Xenopus oocytes (38) suggested that there is a cAMP-
independent and phloretin-inhibitable urea transporter in the
liver. Given the lack of UT1, UT2, and UT3 hybridization sig-
nals in rat liver (7-9), this suggests that the liver urea trans-
porter is structurally different from the known urea trans-
porter family members.
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