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Abstract The mammalian renal collecting duct consists
of principal cells (PCs) and intercalated cells (ICs). Both
PCs and ICs are involved in potassium (K™) homeostasis,
PCs through their role in K* secretion and ICs through their
ability to facilitate Kt resorption. We previously hypoth-
esized that PCs may differentiate into ICs upon K* deple-
tion. However, no direct evidence has yet been obtained to
conclusively demonstrate that PCs differentiate into ICs
in response to K* depletion. Here, we present direct evi-
dence for the differentiation of PCs into ICs by cell line-
age tracing using aquaporin 2 (AQP2)-Cre mice and R26R-
EYFP transgenic mice. In control mice, AQP2-EYFP™"
cells exhibited mainly a PC phenotype (AQP2-positive/
H*-ATPase-negative). Interestingly, some AQP2-EYFP™'
cells exhibited an IC phenotype (H'-ATPase-positive/
AQP2-negative); these cells accounted for 1.7 %. After
K™ depletion, the proportion of AQP2-EYFP™ cells with
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an IC phenotype was increased to 4.1 %. Furthermore,
some AQP2-EYFPT cells exhibited a “null cell” phenotype
(AQP2-negative/H*-ATPase-negative) after K™ depletion.
Collectively, our data demonstrate that AQP2-labeled cells
can differentiate into ICs, as well as null cells, in response
to K™ depletion. This finding indicates that some of AQP2-
labeled cells possess properties of progenitor cells and that
they can differentiate into ICs in the adult mouse kidney.

Keywords Aquaporin - Principal cell - Intercalated cells -
Differentiation

Introduction

The mammalian renal collecting duct consists of princi-
pal cells (PCs) and intercalated cells (ICs), which have
different functions and structures (Verlander et al. 1991).
Whereas PCs regulate water and sodium balance, ICs
maintain the acid—base balance (Wagner et al. 2009).

Both PCs and ICs are involved in potassium (K%)
homeostasis (Giebisch et al. 2003). Specifically, PCs play
arole in K secretion and ICs are involved in K™ reabsorp-
tion. Interestingly, K depletion induces adaptive changes
in the cellular compositions of both PCs and ICs (Silver
et al. 2000). Previous studies have reported that K™ deple-
tion induces hypertrophy in the inner strip of outer medulla
(ISOM) and increases the number and proportion of ICs
(Ordonez et al. 1977; Toyoshima and Watanabe 1988; Elger
et al. 1992; Bailey et al. 1998; Park et al. 2012). However, it
has been unclear whether increase the number and propor-
tion of ICs are due to proliferation of PCs or ICs because
the evidence of proliferation was mainly observed in PCs
in a previous study (Park et al. 2012). We hypothesized that
the conversion of PCs into ICs may be responsible for this
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Table 1 Biochemistry after K*

, Control K™ depletion P values
depletion

Kidney weight (g)/Body weight (), x 103 8.0+£0.5 120+ 1.4 <0.05

Blood
K (mmol/l) 48108 31405 <0.001
Na (mmol/l) 154.1+£3.9 1553 +5.1 NS

Urine
Volume (ml/day) 1.54+09 41+1.6 <0.001
pH 6.7+0.2 72+ 1.1 <0.05
K (wmol/day) 319.1 £85.7 224 +£87 <0.001
Na (pmol/day) 290.3 £52.0 3182+ 63.1 NS
Osmolality (mOsm/kgH,0) 2217 £ 334 959 + 149 <0.001
Urinary ammonia excretion (jmol/day) 161.64 +9.28 211.76 +26.02 <0.05

All values are mean + SEM
n = 4-9/group

increase in ICs (Park et al. 2012). However, no study has
yet provided direct evidence for the differentiation of PCs
into ICs, especially in adult kidney.

We reasoned that cell lineage tracing using AQP2-Cre
mice and R26R-EYFP transgenic mice could conclusively
answer whether AQP2-expressing cells can differentiate
into ICs. In this study, we generated AQP2-Cre mice and
R26R-EYFP transgenic mice and determined the effects of
K™ depletion on their cell populations. After K depletion,
the proportion of AQP2-EYFP™ cells with an IC phenotype
was significantly increased. Our results shed light on the
origin of the increased IC population that arises in response
to K* depletion, and indicate that AQP2-EYFP™ cells are a
type of progenitor cell that can differentiate into ICs.

Materials and methods
Animals

AQP2-Cre mice and R26R-EYFP mice were purchased
from The Jackson Laboratory (Bar Harbor, ME, USA).
AQP2-Cre mice were crossed with R26R-EYFP reporter
mice to generate the AQP2-Cre and R26R-EYFP mouse
line. Kt depletion was performed in AQP2-Cre mice and
R26R-EYFP mice (8-12 weeks old, n = 9) by feeding
mice a K™-free diet (K™; 0 gm, Research Diet Inc., New
Brunswick, NJ, USA) and distilled water for 14 days. The
control group (n = 7) was fed a normal diet for 14 days.
At the conclusion of the 14-day period, mice were killed
and kidney samples were collected. Table 1 shows the bio-
chemistry of K™ depletion diet. K™ depletion diet induced
hypokalemia with metabolic alkalosis and polyuria, which
is consistent with a previous report (Park et al. 2012).

All animal experiments were reviewed and approved
by the Animal Care and Use Committee at Bucheon
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Saint Mary’s Hospital, The Catholic University of Korea
(License Number: LML13-22). All experiments were per-
formed in accordance with the guidelines for the Principal
of Laboratory Animal Care and Use of Laboratory Animals
published by the US National Institute of Health (NIH pub-
lication, 8th Edition, 2011).

Immunofluorescence analysis and antibodies

Wax-embedded 3-pm sections were processed for multiple
immunolabeling studies with anti-H"-ATPase, anti-EYFP
and anti-AQP2 antibodies. Immunofluorescence procedures
were performed as previously described (Park et al. 2012).
For multiple immunofluorescence experiments, rabbit anti-
H*-ATPase antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) were mixed with chicken anti-EYFP
antibodies (Abcam, Cambridge, UK) and goat anti-AQP2
antibodies (Chemicon Inc., Temecula, CA, USA). Labeling
was visualized with Alexa 647-conjugated donkey anti-
rabbit antibodies (Invitrogen, Grand Island, NY, USA),
Cy3-conjugated donkey anti-chicken antibodies (Jackson
ImmunoResearch Laboratories Inc, West Grove, PA) and
FITC-conjugated donkey anti-goat antibodies (Jackson
ImmunoResearch Lab). Tissues were mounted in Vectash-
ield mounting medium (Vector Laboratories). Images were
acquired using a Zeiss LSM 510 confocal microscope (Carl
Zeiss) and LSM 510 version 2.02 software.

Quantification of labeled cells and statistics

In this study, the ISOM was collected because this duct
consists only of PCs and type A ICs. For cell counting, pos-
itive (labeled) and negative (unlabeled) cells with a distinct
nucleus were included. The number of mice (N), images,
and cells analyzed for each parameter is listed in Table 2.
Values are expressed as percentages of the total numbers of
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Table 2 Summary of cell counting

Control  K* depletion
Mouse numbers 4 9
Image numbers 28 63
Number of counted total cells 1695 2550

Average number of counted cell per animal ~ 423.7 283.3

cells and are presented as means £+ SDs. Data were com-
pared between groups using an unpaired ¢ test; statistical
calculations were performed. P values less than 0.05 were
considered significant.

Results

The number and proportion of ICs increased after K
depletion

Both PCs and ICs are involved in K™ homeostasis, and
the cellular composition of two types of cells in collecting
duct may change after Kt depletion. First, we determined
whether the numbers and proportions of PCs and ICs are
altered in the ISOM by K™ depletion. Immunofluorescence
staining with anti-AQP2 antibodies and anti-Ht-ATPase
antibodies revealed that the proportion of ICs (AQP2-
negative/H"-ATPase-positive) was significantly increased
(28.3 £ 1.5 vs 33.0 = 4.5 %) and the proportion of PCs
(AQP2-positive/H"-ATPase-negative) was significantly
decreased (71.6 & 1.5 vs 62.7 &= 5.7 %) after Kt depletion
compared with the control group (Table 3; Fig. 1a).

“Intermediate cells” (AQP2-positive/H'-ATPase-posi-
tive) possess characteristics of both PCs and ICs, whereas
“null cells” (AQP2-negative/H-ATPase-negative) lack
characteristics of either PCs or ICs. These cells were rarely
observed in the kidneys from control mice. However,
after K+ depletion, both intermediate and null cells were
observed. The proportions of the intermediate and null cells
were 1.2 & 1.1 and 3.0 £ 2.8 % after K depletion, respec-
tively (Table 3; Fig. 2a). These findings are consistent with
those reported in our previous study (Park et al. 2012).

Fate of AQP2-labeled cells in the AQP2-Cre
and R26R-EYFP adult mouse kidney after K™
depletion

We previously hypothesized that PCs may be converted
into ICs, which could explain the observed increase in ICs
in response to K* depletion (Park et al. 2012). To deter-
mine whether AQP2-labeled cells differentiate into ICs in
response to Kt depletion, we generated an AQP2-Cre and
R26R-EYFP mouse line. Kidney sections from these mice
were costained with antibodies against EYFP and either
AQP?2 (to identify PCs) or the H*-ATPase (to identify ICs).

Table 3 and Fig. 1b show the distribution of AQP2-
EYFP" cells in control mice. Under control conditions,
AQP2-EYFP™" cells mainly exhibited the PC phenotype
(arrows in Fig. 1b). Interestingly, some AQP2-EYFP*
cells exhibited the IC phenotype; these cells comprised
1.7 £ 0.5 % (arrowheads in Fig. 1b).

Next, the effects of KT depletion on the fate of AQP2-
labeled cells were determined. Table 3 and Fig. 1a show the
distribution of AQP2-EYFP™ cells after K+ depletion. The

Table 3 Changes of the proportion of PCs, ICs, intermediate cells and null cells after Kt depletion in inner stripe of outer medulla

Control (%)

K*-depletion (%)

Principal cells (AQP2-positive/H"-ATPase-negative)

AQP2-EYFP + 183 +£6.3 71.6 £ 1.5 314 £ 8.1% 62.7 £ 5.7*
AQP2-EYFP — 553472 30.0 £ 6.1%*

Intercalated cells (AQP2-negative/H™-ATPase-positive)
AQP2-EYFP + 1.7£0.5 283+ 1.5 4.1 £2.4%* 33.0 £ 4.5%
AQP2-EYFP — 26.6 £ 1.4 29.7 £ 4.3%

Intermediated cells (AQP2-positive/H*-ATPase-positive)
AQP2-EYFP + - - - 1.2+ 1.1%
AQP2-EYFP — - 1.2 £ 1.1%

Null cells (AQP2-negative/H'-ATPase-negative)
AQP2-EYFP + 0.1 £0.1 0.1 +£0.1 1.3+ 1.9* 3.0 £2.8%
AQP2-EYFP — - 22 +£0.2%

Values are expressed as mean =+ SD
n = 4-9/group
AQP?2 aquaporin 2, EYFP enhanced yellow fluorescent protein

* Significant different from control mice (P < 0.05)
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«Fig. 1 Fate of AQP2-labeled cells with phenotype of PCs or ICs after
K" depletion. a Quantification of the proportions of EYFP + or —
cells in the collecting duct of inner stripe of outer medulla (ISOM)
of the kidneys from control and K*-depleted AQP2-Cre mice and
R26R-EYFP mice. The bar graphs indicate the average proportions
of PCs (AQP2 +/H*-ATPase —), ICs (AQP2 —/H"-ATPase +) per
visual field. *P < 0.05. b Confocal micrographs of 3-pm wax sec-
tions of the ISOM of kidneys from control AQP2-Cre mice and
R26R-EYFP mice, illustrating immunofluorescence staining for the
Ht-ATPase (white), EYFP (red) and AQP2 (green). The merged (with
DAPI in blue) and DIC images are also shown. Some AQP2-EYFP*
cells exhibited the PC phenotype (arrows). Interestingly, some AQP2-
EYFP* cells also exhibited the IC phenotype (arrowheads). ¢, d In
K*-depleted AQP2-Cre mice and R26R-EYFP mice, the number of
PCs with AQP2-EYFP + (arrows) and the number of IC with AQP2-
EYFP + (arrowheads) are increased. Scale bar 5 pm

proportion of AQP2-EYFP" cells with the PC phenotype
was significantly increased in K-depleted mice compared
with control mice (31.4 £ 8.1 vs 18.3 £+ 6.3 %, respec-
tively) (arrows in Fig. lc). Importantly, the proportion of
AQP2-EYFP" cells with the IC phenotype was signifi-
cantly increased to 4.1 £ 2.39 % in response to K deple-
tion, whereas these cells comprised only 1.7 £ 0.5 % of the
population in control mice (arrowheads in Fig. 1d). These
findings suggest that AQP2-labeled cells can differentiate
into ICs; moreover, some of the ICs that arose in response
to KT depletion were generated by the differentiation of
AQP2-labeled cells into ICs.

We identified intermediate and null cells in K™-depleted
mice. And we analyzed whether AQP2-EYFP cells exhib-
ited an intermediate or a null cell phenotype. We observed
that the AQP2-EYFP cells exhibited a null cell phenotype
after K depletion (stars in Fig. 2a, c). Specifically, the pro-
portion of AQP2-EYFP™ cells with null cells phenotype
was significantly increased to 1.3 & 1.9 % in response to
K™ depletion (Table 3; Fig. 2a). However, AQP2-EYFP™
cells with intermediate cells phenotype were not observed
after K depletion, while the EYFP™ cells exhibited a inter-
mediate cell phenotype (Table 3; asterisks in Fig. 2b). Our
data indicate that AQP2-EYFP™ cells also can differentiate
into null cells, which have been proposed to be a type of
progenitor/stem cell that can differentiate into ICs (Chris-
tensen et al. 2006; Ecelbarger 2006).

Discussion

Although PCs have been proposed to give rise to ICs
(Park et al. 2012; Wu et al. 2013), direct evidence from
approaches such as cell fate tracing has not yet been
obtained to support this hypothesis. Here we performed
cell lineage tracing using AQP2-Cre mice and R26R-EYFP
transgenic mice to demonstrate that genetically modified
AQP2-labeled cells differentiate into ICs in response to
K™ depletion. These findings provide direct evidence that

K™ depletion facilitates differentiation from AQP2-labeled
cells into ICs and some of AQP2-labeled cells are progeni-
tor cells that can differentiate into ICs in the adult mouse
kidney.

The precise mechanism of differentiation from AQP2-
labeled cells to ICs in the response to K depletion is
unclear. However, some investigators have suggested plau-
sible explanations. Wu et al. (2013) proposed the hypoth-
esis that AQP2 progenitor cells can differentiated into three
cell types: “locked PCs,” “locked ICs,” and “plastic PCs,”
and the plastic PCs can give rise to PCs or ICs. They sug-
gested that deletion of Dot I encoding a methyltransferase
specific for histone H3K79 facilitates the differentiation
of some of ICs from the plastic PCs. Some investigators
demonstrated that forkhead transcription factor Foxil regu-
lates the differentiation precursor cells to ICs (Blomqvist
et al. 2004; Jeong et al. 2009). Further studies are required
to elucidate whether K™ depletion is associated with these
mechanisms in adult mouse kidney.

Beside the differentiation from that AQP2 progenitor cells
into ICs, the increased total number of ICs after K* deple-
tion may be contributed by the conversion of the type B ICs
into the type A ICs, which is modulated by hensin (Schwartz
et al. 1985; Fejes-Toth and Naray-Fejes-Toth 1992; Al-
Awaqati 2008; Gao et al. 2010). However, in our study, cell
counting was performed in ISOM, in which no type B ICs
have been reported either in control or in K*-depleted mice.
Therefore, we propose that the influence of the conversion of
the type B ICs into the type A ICs may be little on increase
in total number of ICs after K depletion in this study.

In addition to providing direct evidence of the differ-
entiation of AQP2-EYFP™ cells into ICs, our study also
yielded some other interesting findings. First, we found that
some AQP2-EYFP™ cells exhibited the IC phenotype in the
kidneys from control adult mice, even though the propor-
tion of these cells was small. These findings indicate that
some AQP2-EYFP" cells may not be terminally differ-
entiated in the adult mouse kidney and therefore have the
ability to differentiate into ICs as well as PCs, which sup-
port the hypothetic model of a previous study that some of
AQP2-progenitor cells have plasticity to switch to PCs or
ICs (Wu et al. 2013). Second, we found that K* depletion
led to the appearance of intermediate and null cells, which
were not observed in the control adult kidney; moreover,
AQP2-EYFP™ cells were responsible for a substantial pro-
portion of the null cells after K* depletion. Previous studies
reported that null cells were observed upon lithium treat-
ment and that null cells could be considered to be a type of
progenitor/stem cell that can differentiate into ICs (Chris-
tensen et al. 2006; Ecelbarger 2006). Our data show that
AQP2-EYFP™" cells can differentiate into null cells and
suggest the possibility that null cells might be able to dif-
ferentiate into ICs.
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«Fig. 2 Fate of AQP2-labeled cells with phenotype of intermedi-
ated or null cells after K* depletion. a Quantification of the propor-
tions of EYFP + or — cells in the collecting duct of ISOM of the
kidneys from control and K*-depleted AQP2-Cre and R26R-EYFP
mice. The bar graphs indicate the average proportions of intermedi-
ate cells (AQP2 +/H™-ATPase +), null cells (AQP2 -/H"-ATPase —)
per visual field. *P < 0.05. b, d Confocal micrographs of 3-pum wax
sections of the ISOM of kidneys from K*-depleted AQP2-Cre and
R26R-EYFP mice, illustrating immunofluorescence staining for the
H™-ATPase (white), EYFP (red) and AQP2 (green). The merged (with
DAPI in blue) and DIC images are also shown. Intermediate cells
(asterisks) are not observed in control kidney but increased in K*-
depleted group. These cells do not have EYFP signals. The number
of null cells is increased in K*-depleted group. Some null cells have
EYFP signal (stars), and other null cells do not have EYFP signal
(open stars). Scale bar 5 pm

In this study, we observed that only about 18 % of PCs
in control mice were AQP2-EYFP-positive in the collecting
duct of ISOM, indicating a variegated pattern of transgene
activity. Such variegated cellular expression patterns are
commonly observed with many transgenes (Robertson
et al. 1995; Festenstein et al. 1996). Stricklett et al. (1999)
reported similar results that only 40-50 % of inner medul-
lary collecting duct cells were positive for Cre immunore-
activity. Several explanations have been proposed (Nelson
et al. 1998), including species specificity of the promoter
or the variable presence of enhancers (Wilson et al. 1990),
chromatin boundary elements (Felsenfeld et al. 1996) or
locus-controlling regions (Festenstein et al. 1996). It sug-
gests that Cre activation among principal cells at baseline
was extremely inefficient or that Cre activation itself modi-
fies the response of PCs and/or progenitor cells to K™-free
diet. K depletion increased nearly twofold the % of AQP2-
EYFP-positive PCs, while at the same time, K+ depletion
decreased nearly twofold the % of AQP2-EYFP-negative
PCs. Thus, the decrease in total number of PCs arises
mainly from AQP2-EYFP-negative PCs. Furthermore, it
would appear possible that the increment in ICs, interme-
diate and null cells can be accounted for by the difference
between the decrease in AQP2-EYFP-negative cells and the
increase in AQP2-EYFP-positive cells. These data suggest
also that K* depletion strongly activates Cre in those cells
in which it has not been activated during development.

In conclusion, our data show that AQP2-EYFP* cells
can differentiate into null cells and suggest the possibility
that null cells might be able to differentiate into ICs. This
work emphasizes the importance of understanding the dif-
ferentiation of AQP2-labeled cells after K depletion, and
provides new insights into the properties of AQP2-labeled
cells as a type of progenitor or stem cell.
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