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Abstract

 

The arcades are long, branched renal tubules which connect

deep and mid-cortical nephrons to cortical collecting ducts

in the renal cortex. Because they are inaccessible by stan-

dard physiological techniques, their functions are poorly

understood. In this paper, we demonstrate that the arcades

are a site of expression of two proteins, aquaporin-2 (the va-

sopressin-regulated water channel) and the V

 

2

 

 vasopressin

receptor, that are important to regulated water transport in

the kidney. Using a peptide-derived polyclonal antibody to

aquaporin-2, quantitative ELISA in microdissected seg-

ments showed that aquaporin-2 is highly expressed in ar-

cades and that the expression is increased in response to re-

striction of fluid intake. Immunocytochemistry revealed

abundant aquaporin-2 labeling of structures in the cortical

labyrinth in a pattern similar to that of the Na

 

1

 

-Ca

 

2

 

1

 

exchanger and kallikrein, marker proteins expressed in

arcades but not in cortical collecting ducts. RT-PCR experi-

ments demonstrated substantial aquaporin-2 and V

 

2

 

 recep-

tor mRNA in microdissected arcades. In situ hybridization,

using 

 

35

 

S-labeled antisense cRNA probes for the V

 

2

 

 receptor

demonstrated strong labeling of both arcades and cortical

collecting ducts. Thus, these results indicate that the ar-

cades contain the specific proteins associated with vaso-

pressin-regulated water transport, and may be a heretofore

unrecognized site of free water absorption. (

 

J. Clin. Invest.

 

1996. 97:2763–2771.) Key words: ELISA 
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 kidney

 

Introduction

 

Vasopressin increases water permeability in collecting ducts by
triggering exocytic insertion of intracellular vesicles containing
aquaporin-2 (AQP2; previously called WCH-CD or AQP-
CD)

 

1

 

 water channels into the apical plasma membrane (1–3).
While this response is generally thought to be associated only

with collecting ducts, it is clear from micropuncture studies (4,
5) that vasopressin induces an increase in water absorption
proximal to the beginning of the collecting duct system. This
response has been attributed to the “initial collecting tubule”
(6), i.e., the final portion of the distal tubule in the cortical lab-
yrinth which contains collecting duct principal cells and inter-
calated cells. The potential roles of other cortical distal tubule
segments have not been fully evaluated, however. 

One potential site of water permeability regulation in the
renal cortex is the arcades. Arcades are highly branched renal
tubule segments that ascend through the cortical labyrinth in
association with the interlobular vessels, and connect distal
convoluted tubules from mid-cortical and deep nephrons to
the origins of the cortical collecting ducts in the superficial cor-
tex (see Fig. 1). Within the arcades, approximately 70–80% of
cells are connecting tubule cells and 20–30% are intercalated
cells (7). The epithelial surface area of the arcades is roughly
equal to that of the cortical collecting ducts in rodent species
and thus, if the arcades do exhibit a substantial water perme-
ability in response to vasopressin, they could be an important
site of water absorption. However, relatively little information
is available regarding the role of arcades, if any, in urinary con-
centrating mechanism. This is because they are inaccessible to
micropuncture and are difficult to study by in vitro microper-
fusion due to their highly branched nature.

The recent cloning of cDNAs for the vasopressin V

 

2

 

 recep-
tor (8, 9) and the vasopressin-regulated water channel, AQP2
(10), has provided new tools for the study of vasopressin action
at the single tubule level. In this study, we use immunochemi-
cal methods with a polyclonal antibody to aquaporin-2 (single-
tubule ELISA and immunocytochemistry), RT-PCR amplifi-
cation of mRNAs for AQP-2 and the V

 

2

 

 vasopressin receptor
as well as in situ hybridization histochemistry for V

 

2

 

 receptor
to investigate the possible role of the arcades in vasopressin-
regulated water transport.

 

Methods

 

Experimental animals

 

Pathogen-free Sprague-Dawley rats of either sex (Taconic Farms
Inc., Germantown, NY) were used. The animals were maintained in
pathogen-free state and were fed ad libitum with autoclaved commer-
cial rodent diet (Ziegler Brothers Inc., Gardner, PA), and had free
access to sterile drinking water. Unless otherwise mentioned, the ani-
mals were thirsted for 24 h before experimentation.
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cade; CCD, cortical collecting duct; MTAL, medullary thick ascend-
ing limb; PCT, proximal convoluted tubule; RT-PCR, reverse tran-
scription-polymerase chain reaction.
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Thirsting protocol

 

To study the effect of water deprivation on AQP2 expression, we fol-
lowed a protocol reported earlier from our laboratory (11). Specifi-
cally, six male rats were initially water loaded by providing 600 mM
sucrose solution as the sole drinking fluid for the first 48-h equilibra-
tion period. The animals consumed large volumes of this sweetened
water, establishing a moderate diuresis, which was the basal state for
all animals. At the end of the first 48-h period, half the animals were
randomly chosen for a thirsted group and deprived of water for the
next 48 h while the second half continued to receive the sucrose water
to ensure that they were water loaded. To minimize variation, kid-
neys from all the animals in this experiment were dissected on two
consecutive days. Rats from both groups were included on each day.

 

Fluorescence-based ELISA for AQP2 on microdissected tubules

 

To provide a means for absolute quantification of aquaporin proteins
at single tubule level, we developed and improved an ultramicro fluo-
rescence-based ELISA sufficiently sensitive to measure the aquapor-
ins in 1–4-mm microdissected renal tubule segments (12, 13). For this,
male rats weighing between 120–150 grams were used. The kidneys
were prepared for microdissection as reported previously (12). Corti-
cal collecting ducts (CCD), arcade segments and medullary thick as-
cending limbs (MTAL) were dissected. Arcade segments were identi-
fied based on their location in cortical labyrinth between medullary
rays and by the presence of multiple branches (Fig. 1). The length of
each microdissected segment was measured with an ocular microme-
ter. Fig. 2 shows microphotographs of representative microdissected
arcade and CCD. 

The ELISA procedure is described in detail elsewhere (12, 13).
Briefly, samples of microdissected tubule segments (2–3 mm total
length per sample) were permeabilized and membrane proteins were
solubilized by exposing to osmotic shock and low concentration of
non-ionic detergent (0.5% Triton X-100) in the wells of a micro-titer
plate fitted with a Durapore low protein binding membrane filters
(MultiScreen-HV; Millipore Corp., Bedford, MA). These plates al-
low for rapid washing and exchange of solutions through the use of a
vacuum manifold (MultiScreen Vacuum Manifold; Millipore Corp.).

AQP2 standards (0–100 fmoles per well; see below) were also loaded
in different wells. The solubilized proteins and the AQP2 standards
were covalently coupled to the pre-loaded epoxy-activated Sepharose
6B beads (Pharmacia Biotech, Uppsala, Sweden) in the wells. 

After the immobilization of proteins, the beads lying at bottom of
the wells were processed through an ELISA procedure. The antibody
against AQP2 was raised by immunizing rabbits with a synthetic pep-
tide corresponding to COOH-terminal sequence (amino acids 250–
271; mol wt 2618). It was affinity purified and previously character-
ized by immunoblotting and immunocytochemistry (14, 15). AQP2
standards were prepared by conjugating this immunizing peptide to
maleimide-activated bovine serum albumin (Pierce, Rockford, IL) in
a molar ratio of 1.28:1. The construction and characterization of this
conjugate were described in detail elsewhere (13). The secondary an-
tibody was donkey anti-rabbit IgG conjugated to 

 

b

 

-galactosidase
(Amersham Corp., Arlington Heights, IL). 4-methylumbelliferyl-

 

b

 

-
galactopyranoside (MUG) was used as the fluorogenic substrate for

 

b

 

-galactosidase. Fluorescence intensity (photon counts per second,
cps) was read on a SPEX-FluoroMax Spectrofluorometer (SPEX In-
dustries, Inc., Edison, NJ) with excitation set at 360 nm and emission
set at 445 nm. The blank values generated by carrying out the MUG
incubation in the absence of the secondary antibody were subtracted
from the measured fluorescence values of the samples. The mean

 

6

Figure 1. Diagram showing the organization of distal nephron. The 
superficial connecting tubules connect the distal convoluted tubules 
of superficial nephrons to the cortical collecting ducts. The arcade 
segments are long, branched segments consisting chiefly of connect-
ing tubule epithelium which connect distal convoluted tubules of sev-
eral mid-cortical and deep nephrons to the origin of a collecting duct. 

Figure 2. Profiles of microdissected arcade segments and CCD. Cor-
tical collecting duct (CCD) and arcade segment (ARC) microdis-
sected from a collagenase-digested rat kidney. Note the typical 
branched and arched appearance of arcade segments in contrast to 
the straight profile of the CCD. Compare with Fig. 1.
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SEM of blank values for the assays reported here were 0.30

 

6

 

0.18

 

3

 

10

 

6

 

 cps (

 

n 

 

5 

 

17). AQP2 standards were run in parallel to the sam-
ples in each plate and the quantity of AQP2 in the renal tubule seg-
ments was calculated from the standard curve. 

 

Immunolocalization of AQP2 in arcades

 

Male rats weighing 150–200 grams were anesthetized with ketamine-
pentobarbital. The kidneys were fixed in situ for immunolocalization
by retrograde perfusion through the abdominal aorta. An isotonic
phosphate buffer (16) was perfused briefly to clear the kidneys of
blood followed by perfusion with paraformaldehyde. Initial studies
used a periodate-lysine-3% paraformaldehyde solution (17) and a fix-
ation time of 1 h, but higher levels of immunoreactivity were observed
when fixation was limited to a 5 min exposure to 2% paraformalde-
hyde in 0.1 M cacodylate buffer, pH 7.4. Fixed kidneys were rinsed
with PBS and sliced into 2–4-mm-thick pieces before incubation for
1 h in a solution containing 10% EDTA as a cryoprotectant in 0.1 M
Tris buffer at 4

 

8

 

C. Each slice was then placed on an aluminum foil
platform, plunge-frozen into propane-isopentane cooled by liquid ni-
trogen, and stored at 

 

2

 

80

 

8

 

C in an air-tight container.
The frozen slices of kidney were sectioned on a cryostat micro-

tome. 6–10-

 

m

 

m-thick sections were picked up on coverslips subbed
with 1% fish gelatin that had been cross-linked by 2% glutaralde-
hyde. Sections were treated with 6 M guanidine for 10 min to expose
antigenic sites (18), rinsed twice in high salt wash solution (500 mM
NaCl, 1% BSA in phosphate buffer), and exposed to 5% H

 

2

 

O

 

2

 

 in
PBS for 10 min to block endogenous peroxidase activity. Samples
were then washed three times with wash solution and incubated with
50 mM glycine, 1% BSA in PBS for 20 min. Anti-AQP2 antibody was
the same as described above under ELISA procedure. Anti-rat uri-
nary kallikrein was that reported by Oza et al (19). The antibody to
Na

 

1

 

-Ca

 

2

 

1

 

 exchanger was kindly provided by Dr. George Linden-
mayer (20). These primary antibodies were diluted to 10 

 

m

 

g/ml with
PBS containing 0.1% BSA and 0.02% sodium azide, and incubated
with sections overnight at 4

 

8

 

C. The following day, sections were
washed five times over 1 h with high salt wash followed by incubation
in goat anti–rabbit antibody for 2 h at room temperature. After wash-
ing, sections were then incubated in peroxidase anti-peroxidase for
another 2-h period followed by incubation in 3,3

 

9

 

-diaminobenzidine
with H

 

2

 

O

 

2

 

 for 20 min and mounted in glycerol.

 

RT-PCR detection of mRNA for AQP2 and vasopressin
V

 

2

 

 receptor

 

PCR primers.

 

 For AQP2, the specific primers used were: antisense, 5

 

9

 

TAA GCA CAG TCC CCC AGA AGG 3

 

9

 

 corresponding to bases
1111–1131 from ATG, and the sense primer 5

 

9

 

 TCC AGC AGT TGT
CAC TGG C 3

 

9

 

 corresponding to bases 570–588 from ATG on the
cDNA sequence reported by Fushimi et al. (10). The anticipated
PCR product is 562 bp in length.

For the V

 

2

 

 receptor, the specific primers used were: antisense, 5

 

9

 

TGA GGC ATC TGT CCC AGT TGC TTC C 3

 

9

 

 corresponding to
bases 1314–1338, and the sense 5

 

9

 

 ATC CGG AAG CTC CTC TGG
AAA GAC C 3

 

9

 

 corresponding to bases 887–911 from ATG on the
cDNA sequence reported by Lolait et al (8). The anticipated PCR
product is 452 bp in length.

 

Microdissection, reverse transcription and polymerase chain reac-

tion. 

 

The microdissection, reverse transcription, and PCR were car-
ried out essentially as described previously (21), which is a modified
version of the procedure described by Terada et al. (1993). Glomer-
uli, proximal convoluted tubules (S1

 

1

 

S2), cortical collecting ducts
and arcade segments were microdissected. The length of each micro-
dissected tubule segment was measured. 1–2 mm of tubule segments
or 4 glomeruli were transferred into the PCR tubes containing 6.7 

 

m

 

l
of Triton X-100 solution (a mixture of 96 

 

m

 

l 2% Triton X-100, 3.5 

 

m

 

l
placental RNase inhibitor, 0.5 ml 1 M DTT) and frozen on dry ice to
improve permeabilization. Reverse transcription was done at 42

 

8

 

C
for 60 min, followed by inactivation of the reverse transcriptase at
95

 

8

 

C for 5 min. For the PCR, after the initial melt step (94

 

8

 

C for 3

min), 28 cycles were carried out as follows: melt step, 94

 

8

 

C for 1 min;
annealing for 1 min at 60

 

8

 

C; extension for 1 min at 72

 

8

 

C. A final ex-
tension at 72

 

8

 

C was carried out for 7 min. Controls without the addi-
tion of reverse transcriptase were run in parallel to rule out genomic
amplification. A water blank was included in each assay to detect any
contamination. 10 

 

m

 

l of each PCR product was mixed with 3 

 

m

 

l of
loading buffer (30% glycerol, 0.25% bromophenol blue, and 0.25%
xylene cyanol FF in water), and was electrophoresed on a 2% agarose
gel. The PCR products separated on the gels were visualized by stain-
ing with ethidium bromide and photographed. The specificity of the
PCR-amplified products were further verified by Southern hybridiza-
tion. The blots were probed with 

 

32

 

P end-labeled oligonucleotides
which were directed to sequences that were flanked by the two PCR
primers. The oligonucleotide probes for AQP2 and V

 

2

 

 receptor were
5

 

9

 

 TGC AGT GAG GCT CAA GAA GGG 3

 

9

 

 and 5

 

9

 

AGG GTT
CTT TTA CAG CCC TGG 3

 

9

 

 respectively. 

 

In situ hybridization histochemistry for V

 

2

 

 receptor mRNA

 

This method for the detection of vasopressin V

 

2

 

 receptor mRNA was
similar to that described previously (22). Male and female rats were
killed by decapitation under CO

 

2

 

 anesthesia. Kidneys were rapidly
removed, frozen on dry ice, and stored at 

 

2

 

80

 

8

 

C. 24-

 

m

 

m-thick frozen
sections were thaw-mounted on to gelatin/chrome alum subbed
slides. Probes were transcribed from a PstI–PvuII fragment (bases
398–911) of the rat V

 

2

 

 receptor cDNA cloned into pGEM3z. Anti-
sense and sense probes were labeled with [

 

35

 

S] UTP (New England
Nuclear, Boston, MA) according to methods described by Promega,
the manufacturer of the T7 and SP6 polymerases. Specificity of the
probes has been described previously (22, 23). Tissue sections were
thawed, immersed in 4% formaldehyde in PBS, treated with acetic
anhydride, and delipidated in a graded series of alcohols followed by
chloroform. Sections were incubated for 22 h at 55

 

8

 

C with 

 

z 

 

1.5 

 

3 

 

10

 

6

 

cpm/slide/80 

 

m

 

l of hybridization buffer. Tissue sections were rinsed in
4

 

3

 

 saline sodium citrate buffer (SSC), incubated with 20 mg/ml
RNase-A at 37

 

8

 

C and washed in decreasing concentrations of SSC
with dithiothreitol. After a final 30 min wash in 0.1

 

3 

 

SSC at 67.5

 

8

 

C,
slides were dehydrated through a series of alcohols containing 300
mM ammonium acetate, dried, exposed to film, and subsequently
dipped in Ilford K5D nuclear emulsion. Slides were developed in
Kodak D-19 and stained with hemotoxylin and eosin.

 

Statistical methods

 

All quantitative data are expressed as mean

 

6

 

SEM. Where appropri-
ate, differences between the means were assessed by unpaired 

 

t

 

 test
and 

 

P

 

 values 

 

,

 

 0.05 were considered significant.

 

Results

 

Quantification of AQP2 protein in microdissected arcades by

ELISA.

 

We applied the highly sensitive fluorescence-based
ELISA on 2–3-mm samples of microdissected arcade segments
and CCD (Fig. 2). The AQP2 standards (immunizing peptide-
BSA conjugate) were run on each ELISA plate in parallel to
the microdissected arcades and CCD. Fig. 3 shows that the
standards were linear in the range of 0–100 fmoles of AQP2
peptide equivalents per sample. In additional studies the stan-
dards were found to be linear up to 200 fmoles per sample (not
shown here; 13). The lower limit of detection (defined as 3 

 

3

 

SEM above the mean background signal value) was 2.3 fmoles
(13). As shown in Fig. 4 the CCD had 17.3

 

6

 

1.8 fmoles of
AQP2 per mm length (

 

n 

 

5 

 

14), and the arcade segments had
64% of this mean value (11.2

 

6

 

1.4 fmoles/mm, 

 

n 

 

5 

 

9). When
expressed as the number of molecules per unit length, these
values represent 10.4

 

6

 

1.1 

 

3

 

 10

 

9

 

 and 6.7

 

6

 

0.9 

 

3

 

 10

 

9

 

 copies per
millimeter for CCD and arcades respectively. On the other
hand, medullary thick ascending limbs (MTAL), which are im-
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permeable to water, had 

 

, 

 

0.4 fmoles/mm AQP2. Thus, these
data demonstrate the presence of substantial quantities of
AQP2 water channel protein in the arcade segment.

 

Effect of water deprivation on the expression of AQP2 in ar-

cades.

 

To examine if water deprivation has any effect on the
expression of AQP2 in arcades, we measured AQP2 levels in
arcade segments dissected from water loaded and 48h thirsted
animals. Fig. 5 shows that CCD from thirsted animals had an
approximately 70% increase in the AQP2 content as com-
pared to the water-loaded group (16.4

 

6

 

1.6 fmoles/mm, 

 

n 

 

5 

 

6
vs. 9.6

 

6

 

1.3 fmoles/mm, 

 

n 

 

5 

 

6, 

 

P 

 

, 

 

0.01). Thirsting also in-
creased the AQP2 content of arcade segments to a comparable
extent (90%; 10.0

 

6

 

1.2 fmoles/mm, 

 

n 

 

5 

 

8 vs. 5.3

 

6

 

1.7 fmoles/
mm, 

 

n 5 7, P , 0.05). Thus, these observations demonstrate
that arcades function as a site of long-term regulation of water
channel expression in response to water deprivation.

Immunocytochemical localization of AQP2. We also dem-
onstrated that the AQP2 water channel is expressed in arcade
segments using immunocytochemistry (Fig. 6). In cryosections
through the cortical labyrinth, distinct immunolabeling for
AQP2 was consistently observed in segments near cortical ra-
dial vessels where arcades are located (7). To positively iden-
tify these segments as arcades, antibodies to kallikrein and the
Na1-Ca21 exchanger were utilized on serial sections of the cor-
tex adjacent to a section utilized for localization of AQP2. Kal-
likrein and Na1-Ca21 exchanger serve as markers for the con-
necting tubule cells, which are the majority cell type of the

Figure 3. Fluorescence-based ELISA for AQP2. Typical calibration 
curve for fluorescence-based ELISA using AQP2 peptide-BSA con-
jugate. The fluorescence intensity was measured in photon counts per 
second (cps). The blanks (omission of secondary antibody) in this 
particular assay gave a mean value of 0.20760.050 3 106 cps. Each 
point is mean6SEM of triplicate samples.

Figure 4. Quantification of AQP2 protein in microdissected arcades 
and CCD. Cortical collecting ducts (CCD) or arcade segments 
(ARC) or medullary thick ascending limbs (MTAL) were dissected 
from collagenase-digested kidneys from rats that were thirsted for
24 h and assayed for AQP2 protein by ELISA. Data obtained from 
four rats. The number of samples assayed is indicated above each bar. 
Each sample used 2–3 mm total length of the dissected renal tubules. 
*P , 0.03 vs. CCD by unpaired t test.

Figure 5. Effect of thirsting on the expression of AQP2 protein in ar-
cades and CCD. Arcade (ARC) segments and cortical collecting 
ducts (CCD) dissected from collagenase-digested kidneys of rats that 
had been either water-loaded by sucrose solution intake for 4 d (n 5 

3) or thirsted for 2 d after initial water loading for 2 d by sucrose solu-
tion intake (n 5 3) were assayed for AQP2 protein by ELISA. The 
number of samples assayed is indicated above each bar. Each sample 
used 2–3 mm of total dissected tubules. *P , 0.05 and **P , 0.01 vs. 
corresponding water-loaded groups by unpaired t test.
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arcades (7). Fig. 6 shows three loops (numbered 1–3) of an ar-
cade. Specific antibodies to kallikrein (Fig. 6 A) and to Na1-
Ca21 exchanger (Fig. 6 B) each labeled most of the cells of
these loops but not the nearby cortical collecting ducts (Fig. 6,

Figure 6. Immunocytochemical co-localization of AQP2 with kal-
likrein and Na1-Ca21 exchanger. Serial cryosections through the cor-
tical labyrinth were probed with specific antibodies either to kal-
likrein (A) or Na1-Ca21 exchanger (B) or AQP2 (C). D shows a 
preabsorption control for AQP2 antibody. Three loops (numbered

1–3) of an arcade can be seen in each section, adjacent to an interlob-
ular artery (a). Arrows on left margin of the panels point to a collect-
ing duct segment.

Figure 7. High resolution immunocytochemical localization of AQP2 
protein in thirsted rat: Serial cryosections through the cortical laby-
rinth were probed with specific antibodies to either Na1-Ca21 ex-
changer (A) or AQP2 (B). A shows a typical arcade segment in which 
most of the cells were labeled for the recognized connecting tubule 
marker. B shows that the same segment is heavily labeled with the 
specific antibody to AQP2 demonstrating the overlap in labeling with 
the two antibodies. Note that both antibodies labeled more than 50% 
of the cells in the profile. In addition, the labeling of arcade segment 
for AQP2 was markedly enhanced in thirsted rats (compare with 
Fig. 6 C).
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A and B; arrows). The antibody to AQP2 also labeled most of
the cells in these loops (Fig. 6 C) as well as the cortical collect-
ing duct (Fig. 6 C; arrow). The magnitude of the labeling for
the arcade segments tends to be weaker than in the collecting
duct, consistent with the ELISA findings. A certain degree of
tubule to tubule variation in AQP2 labeling was found with
some regions showing relatively little labeling (Fig. 6 C,
loop2). A section exposed to AQP2 antibody that had been
pre-adsorbed with an excess of the immunizing peptide
showed no labeling (Fig. 6 D). 

Fig. 7 shows two adjacent sections from the mid-cortex of a
thirsted rat labeled with the Na1-Ca21 exchanger antibody (A)
and the antibody to aquaporin-2 (B). Panel A shows a typical
arcade segment in the cortical labyrinth labeled with the anti
Na1-Ca21 exchanger antibody. Most of these cells are labeled.
This same segment is heavily labeled with the antibody to
aquaporin-2 (B), demonstrating the overlap in labeling with
the two antibodies. In general, consistent with the findings of
the ELISA assay, labeling of arcade segments was markedly
enhanced after thirsting of the rats (compare with Fig. 6 C).

Detection of AQP2 and V2 receptor mRNA in arcades by

RT-PCR. Reverse transcription and polymerase chain reac-
tion (RT-PCR) were performed directly on tubules dissected
from collagenase-digested kidneys. Figure 8 shows the PCR
products separated on a 2% agarose gel and visualized after
staining with ethidium bromide. As seen in the Fig. 8, when
amplified using specific primers for AQP2, clear and promi-
nent bands could be visualized in the arcade samples. The in-
tensities of these bands were comparable to those seen with
CCD sample. These PCR products were of the expected mo-
lecular mass (562 bp) for the primers used. The specificity of
the PCR products was further confirmed by Southern hybrid-
ization using a probe complimentary to the mid-portion of the

target sequence, which demonstrated a single band at 562 bp
(data not shown). Furthermore, neither glomeruli nor proxi-
mal convoluted tubules (PCT) showed the bands.

Similarly, when RT-PCR was run using specific primers for
V2 receptor, each arcade sample showed a single clear band
that was slightly less intense than those seen with CCD sam-
ples. These bands were of the molecular mass (452 bp) ex-
pected for the primers used, and Southern blots using a probe
complimentary to the mid-portion of the target sequence had
confirmed that the correct target in the collecting ducts is am-
plified (data not shown; 11). Again, neither glomeruli nor PCT
showed these bands, as expected.

In addition, CCD samples amplified in the presence of
AQP2 or V2 receptor primers without prior reverse transcrip-
tion failed to show any PCR products, thus ruling out the pos-
sibility that products were due to the amplification of genomic
DNA. Samples without tubules (blanks) also did not reveal
any PCR products indicating that there was no cDNA contam-
ination of samples (Fig. 8).

Demonstration of expression of V2 receptor mRNA in ar-

cades by in situ hybridization histochemistry. In situ hybridiza-
tion was performed on kidney sections from male and female
rats using specific probes to detect V2 receptor mRNA. Fig. 9
shows a representative composite of the hybridization pic-
tures. In the bright field images (Fig. 9, A and C) branches of
interlobular arteries could be seen in the mid-cortical region,
around which the branches of arcade segments intertwined
(Fig. 9, A and C). A diffuse labeling (silver grains) could be
seen on these arcade segments around the arteries (Fig. 9, A
and C, arrows). In the corresponding dark field images (Fig. 9,
B and D), V2 mRNA was labeled in multiple short tubular seg-
ments around the arteries, characteristic of branches of an ar-
cade (Fig. 9, B and D, arrows). Interestingly, the distribution
of the silver grains on the arcade segments was often diffuse,
but not patchy, covering almost all the segmental profile,
which indicates that the V2 receptor mRNA is probably ex-
pressed in a large percentage of the cell population. The ex-
pression of V2 receptor mRNA is denser in cortical collecting
ducts than in arcade segments (Fig. 9 B, ccd).

Discussion

Renal water excretion is regulated by the peptide hormone va-
sopressin. It is generally accepted that vasopressin acts on the
renal collecting duct to increase its water permeability and
thus altering water absorption. However, early micropuncture
studies revealed that vasopressin induces an increase in water
absorption in the distal nephron proximal to the collecting
duct system (4, 5). In fact, during antidiuresis, quantitatively
more water is absorbed before the collecting duct system to
raise tubule fluid to isotonicity than in the medullary collecting
ducts to produce a hypertonic urine (24). Thus, an identifica-
tion of the sites and mechanism of vasopressin-stimulated wa-
ter absorption proximal to the collecting duct is of consider-
able importance.

The results reported here point to the renal arcades as a
likely site of vasopressin-regulated water absorption proximal
to the collecting duct. We demonstrate that the vasopressin-
regulated water channel, aquaporin-2, is abundantly expressed
in the arcade segment at both the mRNA level (Fig. 8) and
protein level (Fig. 4–7). Importantly, we show that the expres-
sion of aquaporin-2 is regulated in the arcades in response to

Figure 8. Detection of AQP2 and V2 receptor mRNA in the arcades 
by RT-PCR. RT-PCR was performed on arcade segments (1–2 mm/
tube). Cortical collecting ducts (CCD; 1–2 mm/tube) were run in par-
allel as positive controls. Proximal convoluted tubules (PCT; 1–2 mm/
tube) and glomeruli (4/tube) served as negative controls. Assays were 
carried out in the presence (1) or in the absence (2) of reverse tran-
scriptase (RT) to detect any amplification of genomic DNA. Blanks 
refer to assays without the samples (glomeruli or tubules). After 28 
cycles of polymerase chain reaction, 10 ml of the PCR products were 
electrophoresed on 2% agarose gel, and the separated DNA frag-
ments were visualized under UV light after staining with ethidium 
bromide. Left lane, molecular size markers (123 bp DNA ladder). 
The expected length of DNA fragments are 562 and 452 base pairs 
for the AQP2 and V2 receptor respectively.
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water restriction (Figs. 5 and 7), a process that we have previ-
ously demonstrated in collecting ducts is mediated by changes
in circulating vasopressin levels (15). This suggests a regula-
tory role of vasopressin in the arcades. Consistent with such a
role for vasopressin, we have demonstrated that the mRNA
that encodes V2 subtype of vasopressin receptor is expressed in
the arcade, a result also consistent with the prior reports of va-
sopressin-regulated adenylyl cyclase activity in microdissected
arcades (25, 26). Vasopressin-regulated water absorption in
the arcades can potentially account for the large amounts of
free-water absorption proximal to the collecting duct during
antidiuresis owing to the very large aggregate epithelial sur-
face area of the arcades which is roughly equivalent to that of
the cortical collecting ducts. Furthermore, the propinquity of
the arcades to the major blood vessels of the renal cortex, viz.
the cortical radial artery and vein (also called “interlobular ar-
tery and vein”) (7), is likely to provide a means for efficient re-

turn of the large amounts of absorbed free water to the general
circulation. In the following discussion, we amplify these con-
clusions and discuss them in the context of the foregoing litera-
ture.

Aquaporin-2 is expressed in the renal arcade segment. In
this paper, we present extensive evidence that the vasopressin-
regulated water channel (aquaporin-2) is expressed in the
arcade segment of the rat renal cortical labyrinth. We have
applied three independent localization techniques: (a) Fluo-
rescence-enhanced ELISA, applied to microdissected arcade
and collecting duct segments, demonstrated that aquaporin-2
is nearly as abundant in arcade segments as in cortical collect-
ing ducts, a major site of vasopressin-regulated water absorp-
tion (Fig. 4). (b) Immunocytochemistry (immunoperoxidase)
using our highly specific antibody to aquaporin-2 demonstrates
abundant labeling of numerous renal tubule segments present
in the cortical labyrinth (Figs. 6 and 7). These segments were

Figure 9. V2 receptor mRNA labeling in renal cortex by in situ hybridization. (A) Bright field photomicrograph showing an arcade (arc) in close 
proximity to an interlobular artery (art) as it courses toward the renal capsule (at right, not shown), and a segment of cortical collecting duct 
(ccd). (B) the corresponding darkfield image shows V2 receptor mRNA expression in tubular elements (arrows) in close proximity to the inter-
lobular artery (art). Silver grains, which appear white, labeled multiple, short tubular segments in a pattern characteristic of the branches of an 
arcade (arc). Note the difference in the pattern and density of V2 mRNA expression in the cortical collecting duct (ccd; bottom left) and the tu-
bular segments in the arcade. (C) A higher magnification bright field photomicrograph of branching point of another interlobular artery (open 

arrow) and the associated curved tubular elements (arrows) comprising a portion of the arcade (arc). (D) the corresponding darkfield image 
shows the pattern of expression of V2 mRNA in the curved tubular segments which correspond to branching segments of an arcade.
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also labeled with antibodies to both kallikrein and the Na1-
Ca21 exchanger, recognized markers for connecting tubule
cells, the predominant cell type of the arcades. (c) RT-PCR ap-
plied to microdissected arcade segments demonstrated the
presence of aquaporin-2 mRNA.

What cell type contains aquaporin-2 in the arcades? Ac-
cording to Kaissling and Kriz (7), in the rat z 70–80% of cells
in the arcade segment are connecting tubule cells, while 20–
30% are intercalated cells. They also point out that there are
often a few interspersed distal convoluted tubular cells and,
near the distal transition of the arcade to the collecting duct,
there is some intermingling of collecting duct principal cells
(7). Among these cell types, it appears unlikely that interca-
lated cells contain aquaporin-2 because, throughout the col-
lecting duct system, intercalated cells are devoid of aquaporin-2
(14). Based on our immunocytochemistry, it is clear that nu-
merous segments in the cortical labyrinth contain more than
50% connecting tubule cells, based on abundant labeling with
antibodies to two connecting tubule cell markers, viz. kal-
likrein and the Na1-Ca21 exchanger (Figs. 6 and 7). Since these
tissue sections are from the mid-cortex, most of the labeled
segments can be identified as renal arcades. As demonstrated
in Fig. 7, a majority of cells in these segments label with the an-
tibody to aquaporin-2. Hence, it appears likely that, within the
mid-portion of arcades, connecting tubule cells contain aqua-
porin-2. Presumably, if principal cells were also present in our
microdissected arcades, they could also have contributed to
the aquaporin-2 measured in these segments by ELISA. How-
ever, since these arcades are dissected primarily from the mid-
cortex, they are unlikely to contain a sufficient number of prin-
cipal cells to account for the high level of aquaporin-2
measured. This conclusion is bolstered by the immunocy-
tochemical observations showing aquaporin-2 in arcades in the
mid-cortex in the vicinity of the cortical radial vessels (Fig. 6),
rather than in the superficial cortex where most of the initial
collecting tubules connect to cortical collecting ducts. Further-
more, in the RT-PCR experiments using specific primers for
AQP2, prominent signals from the arcade samples were seen
which were comparable in intensity to the signals seen with
similar lengths of cortical collecting ducts, segments known to
be rich in AQP2 mRNA (Fig. 8). This suggests that a substan-
tial proportion of the cells in arcade segments also express the
AQP2 mRNA. 

Vasopressin V2 receptor is expressed in arcades. Both RT-
PCR experiments in microdissected segments and in situ hy-
bridization histochemistry unequivocally demonstrated the
presence of mRNA coding for vasopressin V2 receptor in ar-
cades. Morel and associates measured the AVP-dependent
adenylate cylcase activity in single pieces of different tubular
segments from collagenase treated rabbit kidneys and showed
that the connecting tubule and arcade segments (correspond-
ing to the DCTg and CCTg in their terminology, respectively)
do not respond significantly to 1026 M AVP (25–27). On the
other hand, in response to AVP, the connecting tubule seg-
ments (i.e., DCTg) of mouse showed substantial increases in
cAMP formation that are comparable to the responses seen in
CCD (26, 27). They could not study in detail the CNT seg-
ments from rat due to limitations in the microdissection. Nev-
ertheless, studies on a limited number of rat connecting tubule
segments showed a 16-fold increase in cAMP formation as
compared to a 23-fold increase in cortical collecting tubule
(CCT) upon exposure to AVP (cited in 28). Thus, from the

studies of Morel and associates there appears to be species dif-
ferences between rabbits and rodents in the sensitivity of con-
necting tubule and arcades to AVP. These findings also are
consistent with the observations of Imai (29) that the rabbit ar-
cade does not respond to vasopressin with an increase in water
permeability (vide infra).

Role of arcades in urinary concentrating process. Despite ex-
tensive anatomical and histological characterization, little di-
rect information is available on the role of arcades in urinary
concentrating mechanism in rodents. This is because they are
not readily accessible by conventional physiological techniques
such as micropuncture or in vitro microperfusion. However,
Imai (29) succeeded in microperfusing rabbit arcade segments
and reported a low basal water permeability that was insensi-
tive to vasopressin exposure. Similar isolated perfused tubule
studies have not been possible in rat due to the difficulty of mi-
crodissecting arcade segments from noncollagenase digested
tissue. Nevertheless, based on the observations limited to rab-
bit, the view that connecting tubules and arcades are com-
pletely unresponsive to vasopressin and thus do not participate
in the renal concentrating mechanism, has been widely ac-
cepted. However, in the present work using multiple ap-
proaches that involve modern molecular techniques we dem-
onstrate that the rat renal arcades may be a heretofore unrec-
ognized site of free water transport during antidiuresis.
Absorption of large quantities of free water in the cortex of the
concentrating kidney will, in theory, enhance maximal urinary
osmolality and water conservation by allowing the water to be
absorbed in the cortical labyrinth where blood flow is very
rapid. If this large amount of water were absorbed in the me-
dulla or medullary rays, the consequences would be interstitial
dilution and impairment of concentrating capacity (30).

The absence of vasopressin-regulated water transport in ar-
cades dissected from rabbits is seemingly at odds with the re-
sults reported here. Certainly the most likely explanation for
the difference in conclusions lies in possible differences in the
distal nephron of rabbits vs. rats. It is well known that rabbits
are not capable of concentrating their urine nearly as well as
rats. This difference in concentrating capacity could be owing
in part to the lack of the ability of the rabbits to absorb free
water in the cortical labyrinth. It is also possible that the short
tubule segments (, 500 mm) dissected by Imai (29) might not
be representative of the entire arcade region in the rabbit. Un-
fortunately, our antibody to aquaporin-2 does not recognize
aquaporin-2 in the rabbit (unpublished observations) so we
are unable to test for the presence of aquaporin-2 in the rabbit
arcades.

Effect of water deprivation on the expression of AQP2 in ar-

cades. Maximal concentrating capacity in response to acute
administration of vasopressin is markedly enhanced when the
experimental subject is pre-conditioned by restriction of water
intake (31, 32). We have demonstrated that this conditioning
phenomenon is due in part to long-term upregulation of water
permeability in the collecting duct (33), which in turn is due to
a marked elevation in the level of AQP2 expression in the
medullary collecting duct (15). The increase in AQP2 expres-
sion is thought to be due to a direct action of vasopressin on
collecting duct cells (15), most likely by cAMP-mediated tran-
scriptional activation (34, 35). In this paper we extend these
observations to demonstrate thirsting-induced upregulation of
AQP2 expression in the arcade segment. The presence of a
thirsting-induced upregulation of AQP2 in the arcade segment
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provides definitive evidence that the increase is not dependent
on local changes in interstitial osmolality, which are prevented
in the cortical labyrinth by the extremely rapid blood flow
there (30). 
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