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By phosphoproteome analysis, we identified a phosphorylation
site, serine 264 (pS264), in the COOH terminus of the vasopressin-
regulated water channel, aquaporin-2 (AQP2). In this study, we
examined the regulation of AQP2 phosphorylated at serine 264
(pS264–AQP2) by vasopressin, using a phospho-specific antibody
(anti-pS264). Immunohistochemical analysis showed pS264–AQP2
labeling of inner medullary collecting duct (IMCD) from control
mice, whereas AQP2 knockout mice showed a complete absence of
labeling. In rat and mouse, pS264–AQP2 was present throughout
the collecting duct system, from the connecting tubule to the
terminal IMCD. Immunogold electron microscopy, combined with
double-labeling confocal immunofluorescence microscopy with
organelle-specific markers, determined that the majority of pS264
resides in compartments associated with the plasma membrane
and early endocytic pathways. In Brattleboro rats treated with
[deamino-Cys-1, D-Arg-8]vasopressin (dDAVP), the abundance of
pS264–AQP2 increased 4-fold over controls. Additionally, dDAVP
treatment resulted in a time-dependent change in the distribution
of pS264 from predominantly intracellular vesicles, to both the
basolateral and apical plasma membranes. Sixty minutes after
dDAVP exposure, a proportion of pS264–AQP2 was observed in
clathrin-coated vesicles, early endosomal compartments, and re-
cycling compartments, but not lysosomes. Overall, our results are
consistent with a dynamic effect of AVP on the phosphorylation
and subcellular distribution of AQP2.

concentrating mechanism � immunohistochemistry � kidney � trafficking

The maintenance of body water homeostasis depends on the fine
control of renal water excretion, a process that is regulated by

the antidiuretic hormone arginine vasopressin (AVP). An essential
step in the action of AVP is the trafficking of intracellular vesicles
containing the AVP-sensitive water channel aquaporin-2 (AQP2)
to the plasma membrane of kidney collecting duct (CD) principal
cells, a process that ultimately increases osmotically driven water
reabsorption from the CD lumen and the production of concen-
trated urine (1). After small increases in plasma osmolality, AVP is
released by the posterior pituitary gland and binds to the type II
AVP receptor (V2R) in the CD, leading to activation of adenylyl
cyclase, increased intracellular cAMP levels, increased intracellular
calcium, and activation of PKA. Numerous studies, in both cell
culture and animal models, suggest that PKA phosphorylation of
serine 256 (S256) in the COOH tail of AQP2 plays a critical role in
its apical trafficking (2–5). In addition to S256, we have discovered
recently that AQP2 is further phosphorylated on residues S261,
S264, and S269 in the COOH tail in response to AVP stimulation
(6, 7).

In this study, we examined the regulation of AQP2 phosphory-
lated at serine 264 (pS264–AQP2) by AVP in a number of in vivo
models by using a phospho-specific antibody. Our findings dem-
onstrated that pS264–AQP2 abundance is regulated acutely by
AVP and that pS264–AQP2 appears in both the basolateral and
apical membrane of the CD in a time-dependent manner. Addi-
tionally, AVP stimulation, followed by agonist removal, resulted in
the appearance of pS264–AQP2 in early endosomes, but not in
lysosomes, suggesting that phosphorylation at this residue may

influence intracellular compartmentalization of AQP2 after endo-
cytosis or that the enzymes that phosphorylate or dephosphorylate
AQP2 at S264 are compartment-specific.

Results
Cellular and Subcellular Distribution of pS264–AQP2. Immunolabel-
ing of normal rat kidney sections determined that pS264–AQP2
was weakly expressed in all regions of the CD [Fig. 1 and supporting
information (SI) Fig. 10], with approximately equal labeling inten-
sities between the kidney regions. A similar pattern was observed
in normal mouse kidney, but labeling intensity was greater. In both
species, labeling was predominantly localized in the apical or
subapical domain (Fig. 1, insets), with very little labeling of the
basolateral membrane domain. A complete absence of CD labeling
in AQP2 knockout mice showed that the anti-pS264 antibody was
specific for AQP2 (Fig. 1 E and F and SI Fig. 11). Furthermore,
pS264 labeling was ablated when the antibody was preadsorbed with
a synthetic COOH-terminal pS264–AQP2 phosphopeptide but not
with a similar unphosphorylated AQP2 peptide (Fig. 1 G and H),
indicating that the labeling is specific for AQP2 phosphorylated at
residue S264. Double immunofluorescence labeling with the con-
necting tubule (CNT) cell marker calbindin (Fig. 2A) or the
intercalated cell marker H�-ATPase (Fig. 2B) showed that pS264
is weakly expressed in CNT and within the CD is restricted to
principal cells (SI Fig. 12). Immunolabeling in mice showed a
similar distribution (data not shown). Double immunofluorescence
labeling with an NH2-terminal total AQP2 antibody showed a high
degree of colocalization (Rcoloc � 0.78 � 0.10) between pS264 and
total AQP2 in all CDs (Fig. 2C), with colabeling mainly observed
at the apical plasma membrane and subapical domains. Higher
magnification (Fig. 2D) demonstrated that total AQP2 (shown in
red) was more broadly distributed than pS264, especially in the
basolateral membrane domains.

A qualitative analysis of normal rat kidneys by immunogold
electron microscopy revealed that in CD principal cells, pS264 is
observed in subapical vesicles and the apical plasma membrane
domain (Fig. 3A). Additionally, pS264 is detected in numerous
other intracellular ‘‘vesicles’’. After short-term [deamino-Cys-1,
D-Arg-8]vasopressin (dDAVP) treatment (30 min), the abundance
of pS264 clearly increased in the apical plasma membrane (Fig. 3B),
but numerous gold particles were still observed intracellularly.
Additionally, after AVP treatment for this time period, a few gold
particles were also observed in the basolateral membrane domains
(data not shown). Although our current observations are qualita-
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tive, they do suggest that there is a large increase in pS264
abundance in the apical plasma membrane after dDAVP exposure.

To define the subcellular distribution of pS264–AQP2, double
immunofluorescence labeling was performed with subcellular
markers. Little colocalization was observed with pS264 and the
endoplasmic reticulum (ER) marker protein disulphide isomerase

(PDI), the medial Golgi marker GS28, the cis-Golgi marker p115,
and the trans-Golgi network (TGN) marker Vti1a (Fig. 4 and SI
Table 1). Some colocalization was observed in some tubules with
the early endosome marker EEA1, the clathrin-coated vesicle
marker adaptin-G, and the recycling endosome marker Rab11 (Fig.
4), suggesting that, under normal conditions, the majority of pS264
resides in compartments associated with the plasma membrane and
early endocytic pathways (SI Fig. 13). No colocalization was ob-
served with the lysosomal marker cathepsin D (Fig. 4) or the late
endosome marker mannose-6-phosphate (data not shown).

Effect of Short-Term Vasopressin Treatment on pS264 Abundance. To
determine the effects of short-term AVP treatment on pS264
abundance in vivo, semiquantitative immunoblotting was per-
formed on inner medulla protein homogenates isolated from either
AVP-deficient Brattleboro rats or normal Sprague–Dawley rats
treated with the V2R-selective vasopressin analog dDAVP (Fig. 5).
In both models, the total abundance of AQP2 was not changed in

Fig. 1. Immunoperoxidase labeling of pS264–AQP2 in normal kidney. (A and
B) Weak labeling of pS264 is evident in all regions of the CD in normal rat
kidney [cortex (A) and inner stripe of outer medulla (B)]. (A and B Insets) At
high magnification, labeling is predominantly apical membrane-associated,
with some intracellular staining. (C and D) A similar pattern of labeling is
observed in normal mouse kidney [cortex (C) and inner stripe of outer medulla
(D)], with labeling restricted to the apical membrane domains (Insets). (E and
F) AQP2 knockout mouse (F) shows a complete absence of p264 labeling
compared with control mouse (E). (G and H) Preabsorption of anti-pS264 with
nonphosphorylated peptide (G) or pS264 peptide (H) indicates that labeling is
specific for the pS264–AQP2. T, thick ascending limb; PT, proximal tubule.
(Scale bars, 20 �m.)

Fig. 2. Confocal laser-scanning microscopy of pS264–AQP2 in normal rat kidney. (A) Double immunofluorescence labeling of pS264 (green) and calbindin (red)
identified pS264 in connecting tubules. (B) Double immunofluorescence labeling of p264 (green, arrows) and [H�]ATPase (red) determined that pS264 is
expressed in collecting duct principal cells. (C) Total AQP2 (red) and pS264 (green) colocalize (yellow) in collecting duct. (D) Higher magnification shows a high
degree of correlation (depicted in histogram, inset) between total AQP2 and pS264 [Pearson correlation coefficient (R) in the colocalized volume, 0.78]. DCT,
distal convoluted tubule.

Fig. 3. Immunoelectron microscopy of pS264–AQP2 in normal rat kidney. (A)
In rat kidney collecting duct principal cells, immunogold labeling of pS264 is
observed intracellularly (arrowheads) and in the apical plasma membrane
domains (arrows). (B) After dDAVP treatment (30 min), the number of gold
particles increases in the apical plasma membrane (arrows), but intracellular
gold can still be observed (arrowheads). N, nucleus.
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response to 30 min of dDAVP treatment. In contrast, the levels of
AQP2 phosphorylated at S256 and S264 increased significantly,
indicating that phosphorylation of AQP2 at both these sites can be
regulated acutely by AVP. Additionally, a time course study of
dDAVP effects in Brattleboro rats (20, 40, 80 min) determined that
pS264 abundance reached a maximum at 20 min and remained
elevated thereafter (data not shown).

Short-Term Vasopressin Treatment Results in Increased pS264–AQP2
in the Basolateral and Apical Membrane Domains. To investigate
whether the increased pS264 abundance after short-term dDAVP
treatment was associated with an altered distribution within the CD,
we initially analyzed pS264 localization in kidney sections isolated

from Brattleboro rats 30 min after a single dose of dDAVP. In
untreated controls, weak intracellular labeling of pS264 was evident
in all kidney zones (Fig. 6 A–C and SI Fig. 14). Thirty minutes after
dDAVP exposure, pS264 labeling increased in intensity predomi-
nantly at the apical plasma membrane (Fig. 6 D–F). In some outer
medullary CDs, and throughout the inner medullary CD (IMCD),
increased basolateral plasma membrane labeling was observed.
Additionally, in the majority of IMCD cells small vesicle structures
were labeled in the subapical membrane domain (data not shown).
In comparison, total AQP2 has highly abundant intracellular la-
beling throughout the kidney CD before dDAVP exposure (Fig. 6
G–I). Upon stimulation, the abundance of AQP2 labeling was not
increased, but clear translocation of AQP2 to the apical membrane,
and to the basolateral plasma membrane domains in the IMCD,
could be observed (Fig. 6 J–L).

To further explore the acute effect of AVP on pS264–AQP2
distribution, confocal laser scanning microscopy was performed on
kidney sections isolated from Brattleboro rats administered either
saline (control) or dDAVP for 15 or 60 min (Fig. 7). Urine
osmolalities under these conditions were 164 � 18, 224 � 4, and
800 � 86 mosmol/kg H2O for control and 15- and 60-min dDAVP,
respectively. By using this technique, distinct dispersed pS264-
labeled intracellular vesicles could be identified (Fig. 7A). Fifteen
minutes after a single injection of dDAVP, this dispersed pS264
labeling completely disappeared and was replaced by strong label-
ing throughout the CD on both the apical plasma membranes and
the basolateral membrane domains (Fig. 7B). The increase in
basolaterally associated pS264 labeling was much more apparent in
the inner medulla but could also be observed in other kidney zones
(data not shown). Sixty minutes after dDAVP injection, pS264 was
predominantly associated with the apical plasma membrane, al-
though some basolateral labeling was still observed. Additionally,
punctate staining of intracellular structures could be observed
throughout CD principal cells (Fig. 7C, inset).

Fig. 6. Short-term vasopressin exposure increases pS264–AQP2 abundance
at the plasma membrane. (A–C ) Weak intracellular labeling of pS264 is
evident in Brattleboro rat kidney cortex (A), inner stripe of outer medulla (B),
and inner medulla (C). (D–F ) After 30 min of dDAVP exposure, pS264 labeling
increases in intensity predominantly at the apical plasma membrane, al-
though weak basolateral plasma membrane labeling is apparent in the IMCD
(F). (G–L) In comparison, total AQP2 is highly abundant in all regions before
dDAVP exposure (G–I ) but translocates to the apical membrane upon stimu-
lation (J–L). (Scale bar, 10 �m.)

Fig. 4. Subcellular distribution of pS264–AQP2 in normal rat kidney collect-
ing duct. For all images, pS264 is depicted in green, the specific intracellular
marker is depicted in red, and the overlaid images show colocalized pixels in
yellow, with arrows indicating pS264 and arrowheads indicating the intracel-
lular compartment. Little colocalization is observed with the ER marker PDI
(A), the medial Golgi marker GS28 (B), the cis Golgi marker p115 (C), and the
TGN marker Vti1a (D). Some colocalization is observed in some tubules with
the early endosome marker EEA1 (E), the clathrin-coated vesicle marker
adaptin-G (F), and the recycling endosome marker Rab11 (G). No colocaliza-
tion is observed with the lysosomal marker cathepsin D (H). See SI Table 1 for
statistical comparison.

Fig. 5. The abundance of pS264–AQP2 is increased with short-term vaso-
pressin exposure. Immunoblots assessing relative total AQP2, pS256, and
pS264 abundance in inner medulla homogenates from Sprague–Dawley rats
or Brattleboro rats after dDAVP treatment (30 min). Each lane was loaded with
a sample from a different rat. The values are mean band densities normalized
such that the mean for the control rats is defined as 1. *, Significant change in
mean band densities among groups.

3136 � www.pnas.org�cgi�doi�10.1073�pnas.0712338105 Fenton et al.
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pS264–AQP2 Is Found in Early Endosomes but Not Lysosomes After
Acute AVP Treatment of Brattleboro Rats. To define the subcellular
distribution of pS264–AQP2 after dDAVP treatment, double im-
munofluorescence labeling with anti-pS264 and known intracellu-
lar markers was performed (SI Fig. 15). At no time point examined
did pS264 colocalize significantly with markers of the ER, the Golgi,
or the TGN (data not shown), confirming our previous observa-
tions in Sprague–Dawley rats. Fifteen minutes after dDAVP treat-
ment, a large increase in pS264 labeling was observed at the
basolateral and apical membranes. At the apical pole of the
principal cell, there was also an increased colocalization between
pS264 and clathrin-coated vesicle markers (Fig. 8B). Sixty minutes
after dDAVP treatment, the majority of pS264 labeling was asso-
ciated with the apical plasma membrane, but additionally pS264
colocalized significantly with early endosome markers (Fig. 8F) and
recycling endosome markers (data not shown). Neither at 15 nor 60
min after dDAVP treatment did we observe colocalization of pS264
with lysosomes.

Basolateral Localization of pS264–AQP2 Is Not Observed After Long-
Term Increases in Circulating Vasopressin Levels. After either con-
tinuous dDAVP infusion for 5 days in Brattleboro rats or water
restriction of Sprague–Dawley rats for 5 days, the majority of
pS264–AQP2 labeling was observed in the apical plasma mem-
brane throughout the CD (Fig. 9). In contrast to the acute effect of
AVP, no basolateral staining and zero punctate staining of intra-
cellular structures could be observed.

Discussion
A major physiological response of the kidney CD to AVP is to
initialize the trafficking of intracellular AQP2-containing vesicles to
the plasma membrane, thus increasing water permeability and
urinary concentrating capacity. Although phosphorylation of
AQP2 at S256 is known to play a critical role in this exocytic
pathway, very little is known about the additional role of phos-
phorylation at S261, S264, and S269. In the current study, we used
a phospho-specific antibody to examine both the acute and long-
term effects of AVP on the regulation of pS264–AQP2. Our results
show clearly strong increases in S264–AQP2 phosphorylation in
response to AVP throughout the CD system, providing clear
evidence that dynamic phosphorylation of AQP2 may play diver-
gent roles in its subcellular distribution.

The anti-pS264 antibody used in this study successfully rec-
ognized a synthetic AQP2 peptide phosphorylated at S264 and
did not cross-react with either unphosphorylated or S256-
phosphorylated peptides (R.A.F., J.D.H., and M.A.K., unpub-

lished data). Corroborating this initial characterization, preab-
sorption of the anti-pS264 antibody with the same synthetic
pS264–AQP2 peptide completely abolished specific staining of
the kidney CD. Additionally, there was a complete lack of CD
labeling in AQP2 knockout mice. Taken together, these results
confirm that the anti-pS264 antibody detects only pS264–AQP2.

Immunohistochemistry determined that pS264–AQP2 was
present in principal cells of all CD segments from IMCD through
to the cortical collecting duct, as well as cells of the CNT. In normal
animals with free access to water, pS264–AQP2 distribution was
consistent, with the majority of labeling being associated with the
apical plasma membrane domain. An analysis of subcellular dis-
tribution demonstrated that pS264–AQP2 is not located in the ER,
Golgi, or lysosomes but is associated with both the plasma mem-
brane and endocytic retrieval compartments. The high degree of
colocalization between total AQP2 and pS264–AQP2 suggests that,
even under normal conditions, a large percentage of total AQP2
may be phosphorylated at this position; future studies providing a
direct measurement of the percentage of total AQP2 phosphory-
lated at the different serine residues would be informative. In our
previous study (7), the subapical punctate distribution of the
pS261-AQP2 form is completely different from the distribution of
the pS264–AQP2 described here, suggesting the presence of both
distinct subcellular pools of AQP2 and that phosphorylation may be
involved in regulating the subcellular localization of AQP2.

A major finding in the present study is the divergent regulation
of pS264–AQP2 by AVP. Acute AVP exposure resulted in in-
creased abundance of pS264–AQP2 within 30 min that remained
elevated throughout the time period examined. In addition to this,
we observed a time-dependent redistribution of the subcellular
localization of pS264. Fifteen minutes after a single IV injection of
1 ng dDAVP, pS264–AQP2 labeling was not apparent in intracel-
lular vesicles but was highly abundant in both the basolateral and
apical membrane domains. The apparent increase in pS264–AQP2
on the basolateral membrane at the earliest time point is intriguing
and could be attributable to the following: (i) acute trafficking of
pS264–AQP2 to the basolateral membrane upon stimulation; or (ii)
phosphorylation of a pool of AQP2 already present in the baso-
lateral membrane. Unfortunately, our studies could not distinguish
between the two possibilities. Previous studies examining the acute
effect of AVP on AQP2 redistribution have not observed increased
basolateral targeting of total AQP2 (8, 9). However, it is important
to emphasize that in our study, the majority of basolateral pS264–
AQP2 was apparent 15 min after dDAVP exposure (a much earlier
time point than the previous studies) and that the antibodies used
to detect total AQP2 in the previous studies are not likely to detect
AQP2 phosphorylated at position 264 (J.D.H., R.A.F., and M.A.K.,
unpublished observations).

Sixty minutes after a single i.v. injection of dDAVP, the majority
of pS264–AQP2 was associated with the apical plasma membrane
and early endosomes, a small percentage was localized to recycling
endosomes, and none of the pS264–AQP2 was localized to lyso-
somes. At this time point, decreased pS264 labeling of the baso-
lateral membrane was observed, although the exact cause of this
decrease was unknown (e.g., increased localized phosphatase ac-
tivity, decreased local kinase activity, or protein degradation).
Another possibility is that pS264–AQP2 is transcytosed to the
apical surface from the basolateral side (10, 11). The colocalization
of pS264–AQP2 with the clathrin-coated pit marker adaptin-� after
60 min suggests that a fraction of total pS264–AQP2 is present in
coated pits, presumably in preparation for endocytic retrieval of
AQP2 by a clathrin-mediated process (12–14). This endocytic
retrieval of pS264–AQP2 was evident from its internalization into
EEA1-positive early endosomes, a process that has been shown
previously to occur for total AQP2 by a phosphatidylinositol
3-kinase-dependent mechanism (15). Furthermore, the appearance
of pS264–AQP2 in Rab11-positive recycling vesicles suggests that

Fig. 7. Short-term vasopressin exposure results in increased pS264–AQP2 in
the basolateral and apical membranes. (A) In control Brattleboro rats, weak
intracellular labeling of pS264 is observed. In some tubules, at high magnifi-
cation (Inset) labeling is localized to small vesicles (small arrows). (B) After 15
min of dDAVP treatment, pS264 labeling increases on the basolateral (arrow-
heads) and apical membrane (arrows); this is more apparent at high magni-
fication (Inset). (C) After 60 min, pS264 is predominantly associated with the
apical plasma membrane (arrows) and small distinct intracellular vesicles
(small arrows). (Scale bars, 20 �m.)

Fenton et al. PNAS � February 26, 2008 � vol. 105 � no. 8 � 3137
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S264 phosphorylation may be involved in AQP2 recycling after
internalization.

Although pS264–AQP2 is internalized to early endosomes, the
signal for endocytosis remains unclear. It is possible that phosphor-
ylation itself is the signal that allows AQP2 to interact with the
endocytic machinery and be internalized. Indeed, it has been shown
recently that pS256 is important for a direct interaction of AQP-2
with 70-kDa heat shock proteins and, ultimately, the AQP-2 shuttle

(16). Moreover, recent evidence suggests that ubiquitination of the
C-terminal tail of AQP2 at K270 is important for internalization
(17), and it would be interesting to determine whether S264
phosphorylation can influence the level of AQP2 ubiquitination.
Once ubiquitinated, AQP2 can be readily internalized, where it is
transported to multivesicular bodies and targeted for proteasomal
degradation. However, because pS264–AQP2 is never observed in
lysosomes, it is unlikely that the proteasomal degradation pathway
occurs for this phosphoform, and thus it would be interesting to
examine whether pS264–AQP2 is present in urinary exosomes, an
alternative pathway for excreting proteins internalized via multive-
sicular bodies (18).

In conclusion, this study presents, to our knowledge, the first
direct evidence demonstrating AVP regulation of AQP2 phosphor-
ylation at S264. It also shows that differentially phosphorylated
forms of AQP2 can have drastically different intracellular distri-
butions. Our findings suggest that phosphorylation of AQP2 at
distinct sites may influence both AQP2 trafficking and compart-
mentalization; providing the clues for extensive future research into
aquaporin function.

Materials and Methods
Materials. An affinity-purified rabbit polyclonal antibody (anti-pS264) was gen-
erated against a proprietary sequence from the COOH terminus of rat AQP2 that
included pS264 (PhosphoSolutions). The affinity-purified antibody anti-pS256,
whichrecognizesAQP2phosphorylatedatSer-256,hasbeendescribedpreviously
(19). Total AQP2 antibodies were against the amino terminus (N-20, Santa Cruz
Biotechnology) or the COOH terminus of rat AQP2. Initial characterization of the
anti-pS264 antibody determined that the antibody was specific for the pS264–

Fig. 8. Subcellular distribution of pS264–AQP2 after short-term vasopressin treatment. Brattleboro rats were treated with vehicle (15 or 60 min) or dDAVP (15
or 60 min), and double immunofluorescence labeling was performed. For all images, pS264 is depicted in green, the specific intracellular marker is depicted in
red, and the overlaid images show colocalized pixels is in yellow. (A) Weak intracellular pS264 labeling is apparent in controls that does not colocalize with the
clathrin-coated pit marker adaptin-� (arrow). (B) pS264 labeling increases on the basolateral (arrowheads) and apical membrane (arrows) after 15 min of dDAVP.
(C) After 60 min, pS264 is predominantly associated with the apical plasma membrane (arrows) and small intracellular vesicles. At high magnification, this series
of events is more apparent (I–III) with distinct pS264 labeling of vesicle structures at 60 min (small arrows). (D) pS264 labeling does not colocalize with the early
endosome marker EEA1. (E) pS264 labeling increases on the basolateral (arrowheads) and apical membrane after 15 min of dDAVP but does not colocalize with
EEA1. (F) After 60 min, pS264 is associated with the apical plasma membrane (arrows) and small EEA1-positive intracellular vesicles. At high magnification (IV–VI),
pS264 labeling of both EEA1-positive vesicles (small arrows) and EEA1-negative vesicles is apparent after 60 min. (G–I) pS264 labeling does not colocalize at any
time point with the lysosome marker cathepsin D. At high magnification (VII–IX), distinct pS264-positive or cathepsin D-positive vesicles are apparent (small
arrows).

Fig. 9. Long-term increases in circulating vasopressin levels result in pre-
dominantly apical plasma membrane localization of pS264–AQP2. (A and B)
Weak intracellular labeling of pS264 is evident in control Brattleboro rat
kidney inner medulla (A) that increases in abundance at the apical plasma
membrane after 5 days of continuous dDAVP infusion (B). (C and D) Weak
intracellular pS264 labeling is apparent in the inner medulla of water-loaded
Sprague–Dawley rats (C) that increases in abundance at the apical plasma
membrane after 5 days of water restriction (D).

3138 � www.pnas.org�cgi�doi�10.1073�pnas.0712338105 Fenton et al.
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AQP2 isoform (R.A.F., J.D.H., and M.A.K., unpublished data). The commercial
antibodies used were as follows: mouse monoclonal antibodies against calbindin
D-28K (Research Diagnostics); mannose-6-phosphate (AbCam); E-cadherin, PDI,
early endosome associated protein (EEA1), Golgi SNARE 28 (GS28), p115, Vti1a,
clathrin heavy chain, adaptin-B, adaptin-G, Rab11 (all BD Transduction Labo-
ratories); and a goat polyclonal antibodies against cathepsin D (Research
Diagnostics).

Animal Studies. The following animal protocols have been approved by the
boards of the Institute of Anatomy and Institute of Clinical Medicine, University
of Aarhus, according to the licenses for use of experimental animals issued by the
Danish Ministry of Justice.
Protocol 1: Normal Sprague–Dawley rats, normal C57BL6J mice, and CD-specific AQP2
knockout mice. Animals were maintained on a standard rodent diet and had free
access to water. CD-specific knockout mice and WT controls were originally
generated by Rojek et al. (20). Animals were anesthetized with isoflurane and
kidneys were perfusion-fixed.
Protocol 2: Short-term dDAVP infusion of Sprague–Dawley rats. Before the exper-
iment, ratshadfreeaccess to standardrat chowandwater. Four ratsweretreated
with s.c. injectionsof1ngofdDAVP(Sigma-Aldrich) in200 �l of salineperanimal,
and four vehicle-injected rats served as controls. After 30 min, rats were anes-
thetized and kidneys were perfusion-fixed.
Protocol 3. Short-term dDAVP infusion of Brattleboro rats.

Vasopressin-deficient homozygous Brattleboro rats had free access to stan-
dard rat chow and water. Eight rats were treated with i.v. injection of 1 ng of
dDAVP in 200 �l of saline per animal, and eight saline-injected rats served as
controls. After 15 or 60 min, the rats (four rats for each group) were anesthetized
and kidneys were perfusion-fixed. Between injection of dDAVP and fixation of
the kidney, the 60-min group had free access to water but not food. The 15-min
group was kept under anesthesia.
Protocol 4. Long-term dDAVP infusion of Brattleboro rats and water-loading/
restriction of Sprague–Dawley rats.

Brattleboro rats had free access to standard rat chow and water and were
implanted s.c. with osmotic minipumps (Altzet) delivering either 5 ng/h dDAVP or
isotonic saline. After 5 days, the rats (six rats for each group) were anesthetized
by halothane and kidneys were perfusion-fixed. For water-loading/restriction
studies, Sprague–Dawley rats (�200 g) were kept in metabolic cages and fed a
gelled diet containing either 15 ml of water (restricted) or 45 ml of water (loaded)

as described in ref. 21. After 5 days, the rats (five rats for each group) were
anesthetized and kidneys were perfusion-fixed.

Immunohistochemistry and Semiquantitative Immunoblotting. For all studies,
the kidneys were perfusion-fixed through the abdominal aorta and samples
prepared as has been described in detail in ref. 8. For each study, a minimum of
four animals were in each group to facilitate comparisons and statistical analysis
where appropriate. Our immunohistochemical labeling techniques have been
described in detail in ref. 8.

Colocalization Studies. For confocal laser scanning microscopy studies, the fol-
lowing secondary fluorescent antibodies were used at a 1:1,000 dilution: goat
anti-rabbit IgG, Alexa Fluor 488; goat anti-mouse IgG, Alexa Fluor 546; goat
anti-chicken IgG, Alexa Fluor 546; and donkey anti-goat IgG, Alexa Fluor 555
(Molecular Probes and Invitrogen). Laser confocal microscopy was carried out
with a TCS-SP2 laser confocal microscope (Leica). To quantify the degree of
colocalization, numerous high-resolution images from different experimental
rat kidney sections (at least 10 images for each condition) were obtained sequen-
tiallybyusinga488-nmlaser lineandemissionbetween505and540nmforAlexa
488 and a 546-nm laser line and emission over 585 nm for Alexa 546/555.
Background correction and quantification of colocalization was carried out by
using ImageJ software.

Immunoelectron Microscopy. Lowicryl-embedded tissue blocks were prepared
from perfusion-fixed kidneys, and immunogold labeling was performed as de-
scribed in detail ref. 8.
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