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ABSTRACT

BackgroundNotch signaling is required during kidney development for nephron formation and principal

cell fate selection within the collecting ducts. Whether Notch signaling is required in the adult kidney to

maintain epithelial diversity, or whether its loss can trigger principal cell transdifferentiation (which could

explain acquired diabetes insipidus in patients receiving lithium) is unclear.

Methods To investigatewhether loss of Notch signaling can trigger principal cells to lose their identity, we

genetically inactivated Notch1 and Notch2, inactivated the Notch signaling target Hes1, or induced ex-

pression of a Notch signaling inhibitor in all of the nephron segments and collecting ducts in mice after

kidney development. We examined renal function and cell type composition of control littermates and

micewith conditional Notch signaling inactivation in adult renal epithelia. In addition, we traced the fate of

genetically labeled adult kidney collecting duct principal cells afterHes1 inactivation or lithium treatment.

Results Notch signaling was required for maintenance of Aqp2-expressing cells in distal nephron and

collecting duct segments in adult kidneys. Fate tracing revealed mature principal cells in the inner stripe

of the outer medulla converted to intercalated cells after genetic inactivation of Hes1 and, to a lesser

extent, lithium treatment.Hes1 ensured repression of Foxi1 to prevent the intercalated cell program from

turning on in mature Aqp2+ cell types.

ConclusionsNotch signaling via Hes1 regulates maintenance of mature renal epithelial cell states. Loss of

Notch signaling or use of lithium can trigger transdifferentiation of mature principal cells to intercalated

cells in adult kidneys.

J Am Soc Nephrol 30: 110–126, 2019. doi: https://doi.org/10.1681/ASN.2018040440

Multicellular organisms are dependent on the de-

velopment and maintenance of diverse cell types in

order to remain healthy. Considering the potential

plasticity of mature cells,1 a disease may arise from

the disruption of a molecular mechanism that en-

sures the stability of a mature cell state. In organs

such as the kidneys, which comprise diverse cell

types, mechanisms must be in place to maintain

diverse epithelial cell types and prevent cells from

switching between cell types. Cell type conversion

is hypothesized to occur within adult kidney col-

lecting ducts of patients on lithium therapy for

treatment of bipolar disorders and can result in

acquired nephrogenic diabetes insipidus (NDI),

which involves a urine-concentrating defect. Further-

more, long-term lithium usage increases the likeli-

hood of developing ESRD by at least six-fold.2

Received April 27, 2018. Accepted November 7, 2018.

Published online ahead of print. Publication date available at
www.jasn.org.

Correspondence: Dr. Kameswaran Surendran, Pediatrics and Rare
Diseases Group, Sanford Research, 2301 E 60th Street N, Sioux Falls,
SD 57104. Email: kameswaran.surendran@sanfordhealth.org

Copyright © 2019 by the American Society of Nephrology

110 ISSN : 1046-6673/3001-110 J Am Soc Nephrol 30: 110–126, 2019

https://doi.org/10.1681/ASN.2018040440
http://www.jasn.org
mailto:kameswaran.surendran@sanfordhealth.org


Whether lithium triggers conversion of principal cells (PCs),

which are required for water reabsorption, into intercalated cells

(ICs) that predominantly contribute to pHregulation remains to

be determined. In support of the lithium-induced conversion of

cell types, rodent models of lithium-induced NDI and recovery

of the kidney after lithium withdrawal have provided evidence

for the existence of a transitional cell typewith properties of both

intercalated and PC types.3 However, definitive evidence for

conversion of PCs to ICs or vice versa is needed, and the molec-

ular mechanisms that regulate this hypothesized switch in adult

cell types remain unknown.

The kidney collecting ducts develop from the ureteric bud

as a branched network of tubular structures comprising mul-

tiple epithelial cell types critical for water, electrolyte, and pH

homeostasis. The ureteric bud repeatedly branches giving rise

to the collecting duct system, which, in the mature state, con-

tains ICs and PCs.4 The PCs uniquely express aquaporin-2

(Aqp2) apically and arginine-vasopressin receptor-2

(Avpr2), aquaporin-3 (Aqp3) and aquaporin-4 (Aqp4) on

the basolateral membranes and are responsive to arginine va-

sopressin peptide to regulate water homeostasis.5 The ICs are

responsible for pH homeostasis, protection against bacterial

infection of the urinary system,6 and express carbonic anhy-

drases, vacuolar H+-ATPase pumps, and anion exchangers

(AEs).7–9 On the basis of the differential localization of vacu-

olar H+-ATPase and the type and localization of AEs (apical

versus basolateral), ICs are classified into type A, B, or non-

A-non-B10–14 ICs that belong to an evolutionarily conserved

cell type referred to as proton-secreting cells or ionocytes15

found in many mammalian organ systems, including the con-

necting segment and collecting ducts of kidneys, inner ear, and

epididymis. The differentiation of proton-secreting cells in

Xenopus and zebrafish skins and the mammalian kidney col-

lecting ducts is promoted by Foxi1 orthologs, and negatively

regulated by Notch signaling.16–20 Additionally, grainyhead

transcription factors are critical for IC development.16,21

More recently, single-cell RNA-sequencing of mouse cortical

kidney collecting duct cell types has revealed a more compre-

hensive list of components of PCs and ICs, including the con-

firmation that Notch2 mRNA is enriched in PCs whereas Jag1

mRNA, coding for a Notch ligand, is enriched in ICs.22

Inactivation of Notch signaling during kidney collecting

duct development aberrantly favors differentiation of collect-

ing duct cells into ICs instead of PCs, resulting in an NDI-like

phenotype.18,20,23 The development of an insufficient number

of PCs reduces the renal urine concentrating capacity. Intrigu-

ingly, an alteration in PC-to-IC ratio also occurs in rodents

treated with lithium or inactivation of dot1l.3,24–26 The un-

derlying mechanism by which lithium alters collecting duct

cell types remains unclear.27 Here, we test the hypotheses that

loss of Notch signaling, or lithium treatment, can indepen-

dently trigger PCs in adult kidneys to lose their identity. We

have determined that in the adult kidney connecting tubule

(CNT) and collecting duct segments, where different types of

epithelial cells coexist intermingled within segments, Notch

signaling maintains epithelial cell type diversity by preventing

transdifferentiation of the majority cell type into the neigh-

boring minority cell type.

METHODS

Mice
All experiments involving mice were approved by the Sanford

Research Institutional Animal Care and Use Committee. All

mouse lines used in this study have been previously described

and are listed in Supplemental Table 1 and weremaintained on

mixed backgrounds. Mice were genotyped following a univer-

sal PCR genotyping protocol.28 Primer sequences are available

upon request. Doxycycline (dox; 1 mg/ml; Sigma-Aldrich)

and bromodeoxyuridine (BrdU; 1 mg/ml; Fisher Scientific)

were administered in drinking water containing 5% sucrose

to adult mice during which they continued to be fed normal

chow ad libitum. Wild-type control groups consisted of age-

and, where possible, sex-matched littermates housed along

with mice with conditional inactivation of Notch signaling.

We initiated inactivation of floxed alleles ofNotch1 andNotch2

(N1 f/f; N2 f/f) or Hes1 (Hes1f/f) genes using Pax8 transgene

driving reverse tetracycline transactivator (Pax8-.rtTA) and a

tetracycline response element (TRE) driving the expression of

Cre (TRE-.Cre) in 3-week-old mouse nephrons and collect-

ing ducts. We compared Pax8-.rtTA; TRE-.Cre; N1f/f; N2*/f

mice (Notch1 and Notch2 cKO), where * denotes floxed or de-

leted allele, withwild-type control littermates: TRE-.Cre; N1f/

f;N2*/f, Pax8-.rtTA; N1f/f;N2*/f and N1f/f;N2*/f mice. Simi-

larly, we compared Pax8-.rtTA; TRE-.Cre; Hes1f/f

(Hes1cKO) mice with wild-type control littermates consisting

of TRE-.Cre; Hes1f/f, Pax8-.rtTA; Hes1f/f, and Hes1f/f geno-

types. We observed no significant differences between males

and females of the same genotype and therefore included

both sexes in analyses of wild-type versus mutant groups.

The lithium diet consisting of 40 mmol of lithium chloride

per kilogram of mouse dry chow (Munson Lakes Nutrition)

was provided for 2 weeks ad libitum. Twenty four hour mouse

urine samples were collected by housing mice individually in
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metabolic cages. The urine osmolality was determined using a

VAPRO Vapor Pressure Osmometer (WESCOR).

Histology and Immunohistochemistry

Kidneys were perfusion-fixed using 4% PFA/0.1 M cacodylate

(Figures 6 and 7), or immersion fixed in 4% PFA or Bouin

fixative (Figures 1–5) overnight at 4°C, washed in 70% etha-

nol, paraffin-embedded, and sectioned at 12 mm thickness.

Before immunostaining, the sections were deparaffinized in

xylene, rehydrated, and boiled for 20 minutes in Trilogy (Cell

Marque) for antigen unmasking. Sections were blocked in PBS

containing 1% BSA, 0.2% powdered skim milk, and 0.3%

Triton X-100 for at least 15 minutes at room temperature

before incubation with primary antibodies overnight. For di-

rect visualization of GFPor tdtomato, the mouse kidneys were

fixed in 4% PFA for 1 hour, rinsed in PBS, and incubated in

15% sucrose for 24 hours, and then for another 24 hours in

30% sucrose before embedding in OCT and sectioning at

12 mm thickness. Supplemental Table 2 lists the primary an-

tibodies used in this study. Secondary antibodies conjugated

with DyLight405, Alexa Fluor 488, Cy3, and Cy5 (Jackson

ImmunoResearch) were used at 1:500 dilution to visualize

the primary antibodies. Coverslips were mounted using the

VECTASHIELD fluorescence mounting media with or with-

out DAPI (Vector Laboratories), and sealed using nail polish.

Some tissue sections were counterstained with Hoechst

dye instead of DAPI. Stained tissue sections were imaged

on a Nikon A1 confocal microscope using NIS elements soft-

ware for image acquisition.

Lineage Tracing Analysis and BrdU Counting
Elf5-.rtTA;Tet-O-Cre; Rosa+/tdtomato mice with or without

Hes1f/f were administered 1 mg/ml dox in the drinking water

from 3 to 5 weeks of age, to turn on tdtomato expression in

Elf5-expressing collecting duct cells. These mice were perfu-

sion-fixed using 4% PFA/0.1 M cacodylate at 6 weeks of age. A

separate cohort of Elf5-.rtTA;Tet-O-Cre; Rosa+/tdtomato mice

were administered 1 mg/ml dox in the drinking water from

3 to 5 weeks of age, and then given normal diet or lithium diet

consisting of 40mmol lithium chloride per kilogram ofmouse

dry chow, from 6 to 8 weeks of age ad libitum, and perfusion-

fixed using 4% PFA/0.1M cacodylate at 8 weeks of age. At least

150 tdtomato+ medullary collecting duct cells were analyzed

for expression of cell type marker per mouse kidney to de-

termine the percentage of tdtomato+ medullary collecting

duct cells that expressed PC or ICmarkers. A one-way ANOVA

was performed to compare three Hes1-deficient mouse kid-

neys with four control kidneys and three lithium-treated

mouse kidneys. For BrdU counting, BrdU was provided in

the drinking water along with dox from 3 to 5 weeks of age,

to Pax8-.rtTA; TRE-.Cre; Hes1f/f mice and control litter-

mates (n=4 per genotype). These mice were perfusion fixed

using 4% PFA/0.1 M cacodylate and the kidneys and small

intestines were harvested. The small intestines were analyzed

to ensure incorporation of BrdU in the intestinal epithelial

cells. At least 1400 cells of the inner stripes of the outer med-

ullary collecting duct (OMCD) were analyzed per mouse for

expression of Aqp4, c-Kit, and incorporation of BrdU.

Three-Dimensional Image Generation and

Determination of Cell Type per Tubule Length

Four-week-old Hes1cKOmice (1 week after initiation of Hes1

inactivation) and control littermates were perfusion fixed us-

ing 4% PFA/0.1 M cacodylate solution and harvested kidneys

were vibratome sectioned at 100 mm before staining with

Foxi1, Aqp4, and Hoechst for three-dimensional image gen-

eration. Confocal Z-stack images (optical sections) were

captured every 0.175 mm using a 360 objective on a Nikon

A1 confocal microscope. The Z-stacks were converted toMax-

imum Intensity Projections, or movies for three-dimensional

visualization and ISO surface visualization by three-/four-

dimensional image processing software called Arivis Vision

4D (Arivis AG, Munich, Germany). A minimum of seven in-

ner stripe outer medullary duct segments were analyzed to

determine the average number of each cell type per tubule

length per mouse. Cells with only nuclear Foxi1 were counted

as intercalated, cells with basal Aqp4 were counted as princi-

pal, and cells with nuclear Foxi1 and obvious basal Aqp4 were

counted as intermediate cells. These counts may be underes-

timating the number of intermediate cells in the Hes1cKO, as

we counted Foxi1+ cells as intercalated and not intermediate

cells if we had any doubt about whether the Aqp4 signal next to

nuclear Foxi1 was from the same cell or a neighboring cell.

Three mice per genotypic group were analyzed to determine

the average number of each cell type per 100-mm tubule length

for each genotype.

Cell Type Composition of Tubule Segments

The percentage of each cell type in the distal convoluted tubule

segment 2 (DCT2) and connecting tubule (CNT) were deter-

minedusingfivemiceper genotype. Thepercentage of each cell

type in cortical collecting duct (CCD), inner stripe of the

OMCD, and initial part of the inner medullary collecting

duct (IMCD) were determined using three mice per genotype.

CCD were identified on the basis of cortical location, presence

of glomeruli in the region, and/or close proximity to calbin-

dinD-expressing tubule segments (Supplemental Figure 1, C

and D), and were differentiated from CNT and DCT2 on

the basis of presence of Aqp2 expression and absence of cal-

bindinD expression. The presence (cortex) versus absence

(noncortex) of calbindinD-positive tubule segments served

to distinguish between the cortex and medulla (Supplemental

Figure 1). OMCD segment counts excluded the outer stripes

and are enriched for inner stripes of the OMCDs (Supplemen-

tal Figure 1). Throughout this article, OMCD refers to the

inner stripe of the OMCD. We made use of the density of

collecting duct rays in the inner stripe of the outer medulla

being more sparse compared with the collecting ducts in the

inner medulla, to distinguish between the OMCD and IMCD

(Supplemental Figure 1). The inner stripe of the outer
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(A and B), and 50 mm in (D and E).
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medullary region still contains the thick ascending and the

thin descending limb of the loop of Henle, whereas we

considered the initial part of the inner medullary region

as the region containing the thin ascending and thin

descending limbs of the loop of Henle (Supplemental Figure

1). The IMCDs we counted were in the initial part of the inner

medullary region in which noncollecting duct (Aqp2-

negative) tubules were still interspersed between the collecting
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ducts. We excluded the IMCD segments that

did not contain intercalated cells and those

that did not have noncollecting duct (Aqp2-

negative) tubule segments neighboring them

from the IMCD counts. At least 100 cells

were counted per segment per mouse, using

360 images captured using Nikon A1 con-

focal. Individual cells were identified by the

presence of a visible nucleus and/or baso-

lateral membranes, and then assigned a cell

type on the basis of the presence of Aqp2,

calbindinD, and Atp6v1b1. Cells with am-

biguous marker staining or no marker

staining were excluded from the counts.

RNA In Situ Hybridization Using

RNAscope and Basescope

Mice were perfused using 4% PFA/0.1 M

cacodylate solution and harvested kidneys

were incubated in 15% sucrose overnight,

followed by 30% sucrose overnight. Kidneys

were frozen in OCT solution and sectioned

at 10 mm onto Superfrost Plus slides.
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RNAscope and Basescope assays were performed using RNA-

scope Multiplex Fluorescent Reagent Kit v2 and Basescope

Detection Reagent Kit v2-RED, respectively (Advanced Cell

Diagnostics). Tissue sections on slide were fixed in 4% PFA

for 90 minutes at room temperature, followed by dehydration

in alcohol series and H2O2 pretreatment for 10 minutes at

room temperature. Sections were then boiled in 13 antigen

retrieval solution for 15 minutes, washed in 100% ethanol for

5 minutes, and air dried. The next day, sections were treated

with Protease Plus for 30 minutes, at 40°C in HybEZ Oven

(Advanced Cell Diagnostics). Probes specific to Hes1 or

Notch2 (targeting only the deleted exons) were applied for

2 hours at 40°C. Sections were then washed and the signal was

amplified according to manufacturer’s instructions (AMP1-

AMP3 for RNAscope, AMP1-AMP8 for Basescope). For

RNAscope samples, probe-specific signal was developed

with HRP-C1 for 15 minutes at 40°C, followed by amplification

with TSA Plus-Fluorescein (1:900) (Perkin Elmer). Sections were

then washed and treated with HRP blocker. For immunofluores-

cence staining of collecting duct marker cytokeratin8, sections

were blocked for 30 minutes in TBS-1% BSA buffer at room

temperature. Cytokeratin8 antibody (1:20) was applied for

1 hour. Sections were then washed for 5 minutes 33 at room

temperature, in TBST. HRP-conjugated secondary antibody

(1:500) was applied for 30 minutes, and the HRP signal was

amplified with 1:300 TSA plus cyanine3, for 15 minutes at

room temperature. For Basescope detection, after AMP8 treat-

ment, slides were washed 23 for 5 minutes, and the signal was

developed with 1:60mix of Basescope Fast RED-B to Fast RED-A

for 10 minutes at room temperature. Slides were then washed

with tap water 5 minutes. For immunofluorescence staining,

sections were blocked in PBS with 0.15% Triton X-100,
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Figure 5. Notch signaling is required for the maintenance of Aqp2-expressing cells in the CNTs of distal nephrons. (A) Arrowheads
point to examples of individual Atp6v1b1+ intercalated cells in wild-type CNT that are surrounded by cells expressing both Calb1 and
Aqp2. Arrow points to Atp6v1b1+ intercalated cell surrounded by cells expressing Calb1 and not Aqp2 in the DCT2. (B and C) In both
Notch1 & 2 cKO and Hes1cKO, the number of Atp6v1b1+ intercalated cells are increased in the CNT and DCT2 compared with wild-
type CNT and DCT2. Stretches of Atp6v1b1+ cells are frequently observed (asterisks) in the absence of Notch signaling. Scale bars,
10 mm. (D) The average percentage of non-ICs (height of blue bar) and ICs (red bar) along with one SD (error bars) is depicted for the
CNT and DCT2 in wild type (WT) versus Hes1cKO and WT versus Notch1 & 2cKO (N1 & 2cKO). Two-tailed unpaired t tests reveal that
the average %non-IC is decreased in the Notch signaling–deficient kidneys in each of the subsegments when compared with that of
WT kidneys (*P,0.05, n=5 mice per group, at least 100 cells were counted per tubule subsegment per kidney).

or Hes1 increases the number of AE-1-negative intercalated cells in the cortex (arrowheads), whereas the type A intercalated cells are
present in numbers comparable with that in wild-type kidneys (arrows). (E, F, H, and I) Rows of type A intercalated cells (arrows) are present
inNotch1& 2cKO andHes1cKO inner stripe of the outer medulla (E and F) and the initial part of the innermedulla (H and I), accounting for
almost all of the increase in intercalated cells in these regions. (J and K) Pendrin-expressing intercalated cells (arrowheads) are increased
in the cortex of Notch1 & 2cKO kidneys (K) compared with that of wild-type kidneys (J). Scale bars, 50 mm, except in (J and K), which are
25 mm. (L) Quantitative RT-PCR reveals increased expression of Slc4a1 and Slc26a4 in Hes1cKO kidneys 1 week after dox initiation
(*P,0.05, t test n=4wild type and 3Hes1cKO). There is also a significantly higher level of Slc26a4 expression and a trend toward increased
expression of Slc4a1 in 8-week-old N1 & 2cKO kidneys versus control littermates (*P,0.05, n=6 per group).
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followed by primary antibody staining for 1 hour at room

temperature, secondary antibody (1:500 Alexa Fluor 488 con-

jugated) for 1 hour at room temperature, without any further

amplification.

Electron Microscopy

For electron microscopy, kidney tissues were perfusion fixed

using 2% PFA and 2.5% glutaraldehyde in 0.1 M cacodylate

solution, followed by fixation with 0.5% OsO4 plus 0.5%

potassium ferrocyanide for 15 minutes. After incubation

with 0.2% tannic acid for 30 minutes, the tissues were in-

cubated in 50 mM uranyl acetate in acetate buffer for

15 minutes. Dehydration and embedding in araldite was

carried out using conventional procedures. Thin sections

of 70 nm were cut with an ultramicrotome (RMC power-

tome XL) and images were taken on a JOEL 2100 transmis-

sion electron microscope.

Quantitative PCR

Flash-frozenwholemouse kidneys were homogenized using a

tissue homogenizer (Biospec Products, Inc.). Total RNAwas

extracted from a portion of the whole kidney lysate using

RNeasy Midi-Kit (Qiagen) according to manufacturer’s in-

structions. One microgram of RNA was reverse-transcribed

using oligo(dT) with Goscript reverse transcription kit (Prom-

ega). For each primer pair, standard curves were generated with

serially diluted complementary DNA reverse-transcribed from

whole mouse kidneys to determine the efficiency of each primer

pair. Each sample wasmeasured in duplicate and the relative gene

expression levels were normalized to that of GAPDH. For genes

expressed at low levels, to avoid sampling error, 5mg total kidney

RNA was reverse-transcribed using a combination of a house-

keeping andone or two target gene–specific reverse primers. The

resultant complementary DNA was used undiluted for quanti-

tative RT-PCR. Primer sequences are available upon request.

The relative expression levels were determined using the DDCt

method.29

Statistical Analyses
Microsoft Excel was used to perform two-tailed unpaired

t tests, after testing for equal variance between groups using

the F test unless stated otherwise. The resulting P values are

stated in the text and/or figure legends. R (version 3.4.1) was

used for one-way ANOVA and post hoc pairwise analysis.

Our initial comparison of urine osmolality of three wild-

type versus four Notch signaling–deficient (Pax8-.rtTA;

TRE-.dnMaml) adult mice revealed these numbers were suf-

ficient to detect significant differences between the two

groups by two-tailed t test, with a=0.05, resulting in an

effect size of 7.2 and power of .0.99. For subsequent ex-

periments we therefore continued with n=3–9 per group,

with the exact numbers depending on the size of, and ge-

notype within, the litters. In the graphs, the height of

each bar represents the mean and the error bars represent

one SD.

RESULTS

Induction of Dominant-Negative Mastermind-Like-1

Expression in Adult Renal Epithelia Alters the Cell Type

Composition of Kidney Collecting Ducts and

Diminishes Urine Concentrating Capacity

Adult mouse kidney collecting ducts express the Notch ligand

Delta-like-1 (Dll1) in ICs adjacent to Aqp3+ PCs (Figure 1A).

Consistent with active Notch signaling in adult collecting

ducts, we observed H2B::Venus+ PCs in adult Notch reporter

mice30 (Figure 1B). To determine if Notch signaling is re-

quired for maintenance of mature collecting duct cell types,

expression of dominant-negative mastermind-like-1

(dnMaml), an inhibitor of Notch signaling–mediated tran-

scription,31 was induced in nephrons and collecting ducts of

3- to 4-week-old Pax8-.rtTA;TRE-.dnMaml mice by dox

treatment.32–34 Consistent with inhibition of Notch signaling,

the expression level ofNrarp, a target of Notch signaling,35,36 is

reduced after dox treatment (Figure 1C). Induction of

dnMaml reduced expression levels of PC genes Aqp2, Aqp4,

and Avpr2, and increased levels of IC-specific genes Foxi1 and

Slc4a9 (Figure 1C). Consistent with altered intercalated and

PC-specific gene expression levels, the number of CAII+ ICs

increased and Aqp2+ PCs decreased with dnMaml expression

(Figure 1D). Along with changes in collecting duct cell types and

gene expression levels, we detected reduced 24-hour urine os-

molality in mice with dnMaml induction as early as 3 days after

dox treatment compared with dox-treated controls (Figure 1F).

Inactivation of Notch1 and Notch2, or Hes1, in Adult

Kidneys Triggers Loss of PCs and Gain of Intercalated
Cell Types

Although dnMaml blocks Notch signaling–mediated tran-

scription,31 it is possible that the adult kidney phenotype

with induction of dnMaml operates through a mechanism

independent of blocking Notch signaling. To confirm the re-

quirement of Notch signaling in adult kidneys, floxed alleles of

Notch1 and Notch2 (N1f/f;N2f/f) were inactivated using Pax8-

.rtTA;TRE-.Cre system in 3-week-old mouse nephrons and

collecting ducts. Dox treatment of Pax8-.rtTA;TRE-.Cre;

N1f/f; N2*/f mice (Notch1 & 2 cKO), where * denotes floxed

or deleted allele, from 3 to 5 weeks of age resulted in a severe

urine concentrating deficit by 8 weeks of age (n=6 controls;

n=9 Notch1 & 2 cKO; Figure 2H). Because Notch signaling is

critical for nephron formation and proximal tubule specifica-

tion during kidney development,37,38 we examined the prox-

imal tubules in Notch1 & 2cKO mice, but did not observe any

obvious morphologic changes or significant changes in the

expression levels of proximal tubule specific genes, such as

megalin, in the kidneys of Notch1 & 2 cKO 8-week-old mice

(data not shown). Instead, we observed that the Notch1 & 2

cKO kidneys have increased Atp6v1b1+ ICs in the CCDs, inner

stripes of OMCDs, and in the initial IMCDs compared with

that of control kidneys (Figure 2, A–F and I). The increase in

ICs is further supported by increased mRNA levels of Foxi1
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and Atp6v1b1 in the wholeNotch1 & 2 cKO kidneys compared

with wild-type controls (Figure 2G). The increase in ICs

accompanies a decrease in PCs, as evidenced by fewer Aqp2+

cells (Figure 2, A–F and I). All collecting duct segments had

fewer PCs in Notch1 & 2 cKO kidneys, except for those in the

papillary regions (inner two thirds of the inner medulla),

which were not noticeably different from control kidneys

(data not shown). This does not appear to be due to inefficient

inactivation in the papillary region as we detected very few

papillary collecting duct cells with Notch2 mRNA inNotch1 &

2 cKO kidneys compared withwild-type controls (Supplemen-

tal Figure 2). The decrease in PCs was further confirmed using

Aqp4 as a PC marker (Supplemental Figure 3) and by the

overall reduction in Aqp2 mRNA levels (Figure 2G). Next,

we stained for markers of mitochondria as they are more

abundant in ICs than in PCs. Staining for mitochondrial

markers CoxIV and Cytochrome C (Supplemental Figure 3)

revealed their abundance within Aqp4-negative ICs and not as

much in Aqp4+ PCs in control kidneys. In Notch1 & 2 cKO

kidneys, most of Aqp4-negative duct cells expressed abundant

amounts of mitochondrial markers, and most Aqp4+ duct

cells had very few mitochondria (Supplemental Figure 3).

TEM of Notch1 & 2 cKO kidney sections reveals that the in-

creased number of ICs contain many more mitochondria

compared with the PCs in the inner stripes of OMCDs (Sup-

plemental Figure 4).

Hes1 is among the earliest genes upregulated by ectopic

activated-Notch1 expression in the developing mouse collect-

ing ducts,23 and increased Hes1 staining is observed in PCs of

SPAK kinase–deficient adult mouse kidneys.39 Inactivation of

Hes1 in adult mouse collecting ducts and nephrons by pro-

viding dox to Pax8-.rtTA; TRE-.Cre; Hes1f/f (Hes1cKO)

mice from 3 to 5 weeks of age resulted in a severe urine

concentrating deficit (Figure 3H), an increase in Atp6v1b1-

expressing ICs, and a decrease in Aqp2-expressing PCs (Figure

3, A–F, and I). Consistent with the change in cell types, quan-

titative RT-PCR using RNA extracts from whole kidneys

revealed increased mRNA levels of Foxi1 and Atp6v1b1, and

decreased levels of Aqp2 in Hes1cKO kidneys by 1 week after

dox treatment (Figure 3).

Segment-Specific Intercalated Cell Types Replace the

Aqp2+ Cell Types after Notch Signaling Inhibition in

Collecting Ducts and Distal Tubules

ICs aremore abundant in the adult kidneycollecting ducts after

genetic inactivation of Notch signaling. We examined if loss of

Notch increases a specific type (A, B, or non-A-non-B) of IC.

The type A IC, identified by basolateral expression of the chlo-

ride bicarbonate exchanger AE1 and apical expression of the

H+-ATPase pump, is the predominant IC type present in the

outer and inner medulla, but not cortex of wild-type kidneys

(Figure 4, A, D, and G). Interestingly, it is predominantly the

type A IC that is increased in the Notch signaling–deficient

OMCD and IMCD segments (Figure 4, E, F, H, and I). Both

type B and type non-A-non-B ICs do not express AE1, whereas

H+-ATPase pumps are on the basolateral membrane of type B

ICs, and in diffuse vesicles in type non-A-non-B ICs. The type

B and non-A-non-B ICs are present predominantly in the cor-

tex of wild-type kidneys (Figure 4A) and are present in in-

creased numbers in the cortex of Notch signaling–deficient

cortical tubules (Figure 4, B and C). Pendrin, another marker

of type B and non-A-non-B ICs, is mainly present in cortical

ICs of wild-type kidneys, and increased in cortical cells of

Notch signaling–deficient kidneys (Figure 4, J and K). We did

not observe pendrin-positive cells in the OMCDs and IMCDs

in the Notch signaling–deficient kidneys (data not shown).

Consistent with Notch signaling in adult kidneys preventing

expansion of intercalated cell types expressing pendrin (type B

and type non-A-non-B) and those expressing AE1 (type A),

there is an overall increase in the mRNA levels of Slc4a1 and

Slc26a4 in the Hes1cKO kidneys 1 week after initiation of Hes1

inactivation (Figure 4L). This trend continues for Slc26a4 in the

Notch1 & 2cKO kidneys even 5 weeks after initiation of Notch1

and Notch2 inactivation (Figure 4L).

Unlike the collecting ducts, the CNTof the distal nephron,

which connects each nephron to the branched collecting duct

network, consists of ICs intermingledwith aCNT cell type that

expresses both Aqp2 and calbindin-D28k (Calb1).39 Consid-

ering that the CNT, along with the rest of the nephron, orig-

inate from a lineage distinct from the collecting ducts,40,41 we

examined whether maintenance of Calb1+; Aqp2+ cells in the

CNT is also dependent on Notch signaling. Interestingly, the

number of Aqp2+ and Calb1+ CNT cells and the number of

Aqp22 and Calb1+ DCT2 cells were decreased in the Notch

signaling–deficient kidneys along with an increase in

Atp6v1b1+ ICs in these segments (Figure 5D). In wild-type

CNTs, each IC is surrounded by Aqp2+ and Calb1+ cells

(arrowheads, Figure 5A) whereas in Notch signaling–deficient

CNTs, there aremany regions containing two ormore ICs next

to each other (asterisks in Figure 5, B andC) and a reduction in

number of Aqp2+ andCalb1+ cells from approximately 65% in

wild-type kidneys to about 30% in Notch signaling–deficient

kidneys (Figure 5D). The Aqp22 and Calb1+ DCT2 cells nor-

mally comprise 75% of the DCT2 segment, but are reduced to

40%–50% in the Notch signaling–deficient DCT2 segments

(Figure 5D). These observations reveal the requirement for

Notch1, Notch2, and Hes1 in the maintenance of Aqp2+ and

Calb1+, as well as Aqp22 and Calb1+ epithelial cell types in the

distal tubule segments of adult nephrons.

Fate Tracing of Mature PCs in the Inner Stripe of the

Outer Medulla Reveals Conversion to Intercalated Cells
after Inactivation of Hes1 and, to Lesser Extent,

Lithium Treatment

Loss ofNotch signaling in adult kidneys results in increased ICs

at the expense of PCs. Although there are several possibilities

for increased ICs, one intriguing hypothesis is that PCs convert

to ICs. The Elf5+ PC lineage-tracing tool previously described

was used to test for direct conversion between cell types.23 In

this system, Elf5 drives rtTA and GFP expression (Elf5-.rtTA;
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Tet-O-Cre; Rosa+/tdtomato), and Cre expression in the presence

of dox recombines Lox-P sites flanking a transcriptional stop

placed upstream of tdtomato coding region at the Rosa locus

(Rosa+/tdtomato). We have previously observed that mice with

Tet-O-Cre;Rosa+/tdtomato have a subset of renal interstitial cells

labeled with tdtomato independently of inheriting the Elf5-.

rtTA transgene. Importantly, only the PCs in the tubular ep-

ithelial structures of Elf5-.rtTA;Tet-O-Cre; Rosa+/tdtomato

mice are labeled in a dox-dependent manner, and dox admin-

istration does not label renal epithelial cells in Tet-O-Cre;

Rosa+/tdtomato mice.23 The Elf5+ PCs were labeled with tdto-

mato in adult mouse kidney collecting ducts by administer-

ing dox from 3 to 5 weeks of age (Figure 6A), along with or

without inactivation of Hes1 in Elf5-expressing cells, and the

fate of tdtomato-labeled PCs was determined at 6 weeks of age.

The pattern of tdtomato-labeled collecting duct cells was sim-

ilar to the expression pattern of Elf5 in adult kidneys,23with the

highest labeling in papillary regions, moderate labeling inmed-

ullary regions, and minimal labeling in the cortex. When kid-

neys were stained for either PC marker Aqp4 (Figure 6, B and

C) or IC markers c-Kit22 or Atp6v1b1 (Figure 6, D–G), most

(approximately 97%) tdtomato+ OMCD cells were Aqp4+ (ar-

rowheads in Figure 6B) and almost none (,0.2%) were

Atp6v1b1+ or c-Kit+ (arrowheads in Figure 6, D and F) in

wild-type mice 3–5 weeks after initiation of PC labeling. In

contrast, a significant number of tdtomato+ duct cells begin

expressing IC markers 3 weeks after initiation of Hes1 inacti-

vation in Elf5-expressing cells (arrows in Figure 6, E and G),

with an average of approximately 40% of tdtomato+ OMCD

cells expressing IC markers (Figure 6J). An average of 29% of

tdtomato+OMCD cells expressing c-Kit still have Aqp4 linger-

ing in the basolateral membranes in Hes1 mutant kidneys

(Supplemental Figure 5), whereas 0% of the tdtomato+

OMCD cells express both c-Kit and Aqp4 in wild-type kidneys

(n=4 control, n=3 Hes1 mutants, at least 100 cells analyzed

per mouse). To determine whether the tdtomato+ ICs in the

Elf5-.rtTA;Tet-O-Cre; Rosa+/tdtomato; Hes1f/f mice arise from

cells that undergo DNA synthesis and proliferation, we pro-

vided BrdU in the drinking water from time of dox treatment to

tissue harvest (Figure 6A). Whereas intestinal epithelial

cells had BrdU labeling (Supplemental Figure 5A), none of

the c-Kit+, Aqp4+, or tdtomato+ collecting duct cells in the

Elf5-.rtTA;Tet-O-Cre; Rosa+/tdtomato;Hes1f/f mice were BrdU-

labeled (Supplemental Figure 5). The absence of BrdU labeling

within the collecting duct cells implies that they have not un-

dergone DNA synthesis since the initiation of Hes1

inactivation.

Considering that lithium treatment has been associated

with remodeling of the adult collecting ducts and that it is

hypothesized that lithium-induced NDI involves PC-to-IC

conversion, we used Elf5-.rtTA;Tet-O-Cre; Rosa+/tdtomato

mice to trace the fate of Elf5+ OMCD PCs after 2 weeks of

lithium treatment (Figure 6A’). Lithium treatment caused a

marked drop in urine concentrating capacity and increased

number of tdtomato-labeled Atp6v1b1+ ICs compared with

nonlithium-treated mouse kidneys (data not shown). Two

weeks of lithium on average triggers 6% of the tdtomato-labeled

PCs in the OMCD to begin expressing IC-specific markers

(Figure 6I), which is an increase in PC-to-IC conversion, but

is not of statistically significant difference when compared with

,0.2% in nonlithium-treated wild-type mice (Figure 6J).

The PC-to-IC Conversion Triggered by Notch Signaling

Inactivation in the Adult Kidneys Involves Intermediary

Cell States and Upregulation of Foxi1

Wenext providedBrdU in the drinkingwater during 2weeks of

dox treatment to 3-week-old Pax8-.rtTA;TRE-.Cre;Hes1f/f

mice to determine if cell type conversion required prolifera-

tion. Two weeks after initiation of Hes1 inactivation, the

OMCD composition changes from 77% PCs and 23% ICs to

49% PCs, 41% ICs, and 6% PCs and ICs (Figure 7, A–C).

Interestingly, although there is almost no incorporation of

BrdU in control littermate OMCD cells (average of 0.085%;

Figure 7A), 13.8% of OMCD cells are BrdU-labeled withHes1

inactivation, of which 10.5% are Aqp4+, 2.3% are c-Kit+, 0.4%

are Aqp4+ and c-Kit+, and 0.7% are Aqp42 and c-Kit2 (Figure

7, B and C). About 95% of the c-Kit+ OMCD cells are not

BrdU-labeled during 2 weeks after initiation of Hes1 inactiva-

tion, as evidenced by rows of ICs expressing c-Kit that are not

BrdU-labeled (Figure 7B). Hence, direct conversion of PC to

IC occurs without requiring DNA synthesis. In an attempt to

capture the direct conversion, we stained for Aqp4 and Foxi1

using 100-mm-thick kidney sections from Hes1cKO mice

1 week after initiation of Hes1 inactivation and from control

littermates. Maximum intensity projections (Figure 7, D and

E) and 3D reconstructions (Figure 7, F and G, Supplemental

Movies 1 and 2) from Z-stack confocal images revealed

OMCD cells in the Hes1cKO and not in wild-type controls

that express both Foxi1 in the nucleus and Aqp4 on the baso-

lateral membrane (asterisks in Figure 7, D–G). Quantification

of each cell type per tubule length revealed a significant aver-

age increase in intermediate cells (Foxi1+ and Aqp4+) along

with a significant average reduction of Aqp4+ PCs inHes1cKO

compared with wild-type mice (Figure 7H).

DISCUSSION

Previous studieshave identified a role forNotch signaling inPC

fate selection in the developing kidney collecting ducts (Figure

8A).18,20,23We have identified a requirement for Notch signal-

ing in the maintenance of mature renal tubular epithelial cell

identities in segments with intermingled cells types (Figure

8B). The requirement for Notch signaling in the maintenance

of intermingled cell type arrangements in kidney collecting

ducts, DCT2 and CNT segments is similar to its requirement

in the lung for patterning and maintenance of intermingled

club and multiciliated cell types.42,43 Because Hes1 inactiva-

tion is phenotypically similar to inactivation of Notch1 and

Notch2 in the adult DCT2, CNTs, and collecting duct
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Figure 6. Inhibition of Notch signaling in Elf5+ mature PCs triggers a significant increase in principal-to-intercalated cell conversion in
the inner stripes of the OMCDs. (A) Dox treatment from 3 to 5 weeks of age pulse-labels a subset of PCs in Elf5-.rtTA; Tet-O-Cre;
Rosa+/tdtomato mouse kidneys by turning on expression of tdtomato. (B, D, and F) In wild-type OMCD, tdtomato labeling occurs
predominantly in cells expressing Aqp4 (arrowheads in B) and tdtomato labeling almost never occurs in intercalated cells expressing
Atp6v1b1 (asterisks in D) or c-Kit (asterisks in F). (C, E, and G) Notch signaling inhibition by inducible inactivation of Hes1 in
Elf5-expressing PCs shows that some tdtomato-labeled OMCD cells do not express Aqp4 (arrow in C), whereas many other tdtomato-
labeled cells still express Aqp4 (arrowheads in C). In the absence of Notch signaling, many of the tdtomato-labeled OMCD cells
express intercalated markers Atp6v1b1 (arrows in E) or c-Kit (arrows in G). (A’) Schematic of lithium treatment. Dox was administered
from 3 to 5 weeks of age to label PCs with tdtomato. Lithium was provided in diet from 6 to 8 weeks of age. Urine was collected before
and after lithium treatment. (H and I) Fate tracing of PCs in three Elf5-.rtTA;TRE-.Cre; Rosa+/tdtomato mice treated with lithium for
2 weeks revealed that the labeled cells still mostly remain principal and express Aqp4 (arrowheads in H). However, about 6% of the
labeled cells begin expressing intercalated markers, such as Atp6v1b1 (arrows in I). The white dashes in (D, E, and I) outline the borders
of OMCDs. (J) Graph showing that about 40% of tdtomato labeled cells in Hes1-deficient inner stripes of the OMCDs begin expressing
intercalated cell markers, whereas 6% do so after 2 weeks of lithium treatment and ,0.2% do so in wild-type kidneys. *Statistically
significant difference between groups as determined by one-way ANOVA (F=25.16; P,431024), and comparing three groups con-
sisting of four wild-type, three Hes1-deficient mice, and three lithium-treated mice. Post hoc analysis pairwise comparison using the
Tukey method revealed significant differences between wild-type and Hes-1-deficient groups (adjusted P,231022), as well as be-
tween lithium-treated and Hes1-deficient groups (adjusted P,431024). Scale bars, 10 mm in (B–I).
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segments, andHes1 is a known direct target

of Notch signaling, we suggest that Hes1

mediates Notch signaling in Aqp2+ cells

to prevent conversion to ICs (Figure 8C).

Fate tracing of Elf5+ PCs with inactivation

of Hes1 in the adult inner stripe of the

OMCDs revealed that PCs convert to ICs
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Figure 7. Principal-to-intercalated cell conver-
sion triggered by inactivation of Hes1 involves
intermediary cell states and upregulation of
Foxi1. (A–C) Kidneys from Hes1cKO mice
given BrdU in the drinking water during 2
weeks of dox-mediated inactivation of Hes1
show an increase in the number of BrdU-la-
beled PCs from 0.1% to about 10% and BrdU-
labeled intercalated cells from 0% to 2% (A–C).
A majority of the increase in intercalated cells
in the inner stripe of the OMCDs from 20% in
wild-type to 40% in Hes1cKO mice (n=4 per
genotype) does not involve BrdU-labeled cells
(asterisks in B). In (C), * indicates significant
differences by two-tailed unpaired t test
when comparing percentages of Aqp4+

(P=6.531025), cKit+ (P=0.001753), Aqp4+

and cKit+ (P=0.007), Aqp42 and cKit2

(P=0.009), BrdU+ (P=0.04), Aqp4+ and BrdU+

(P=0.04), or cKit+ and BrdU+ (P=0.03) OMCD
cells between wild-type and Hes1cKOmouse
kidneys after 2 weeks of dox treatment (n=4
mice per genotype with at least 1400 OMCD
cells analyzed per mouse). (D and E) Maxi-
mum intensity projections of confocal Z-stack
images (optical sections) captured every
0.175 mm, using a 360 objective on a Nikon
A1 confocal microscope. (F and G) 3D ISO
surface images of inner stripes of the OMCD
segments generated from Z-stack images
using Arivis Vision 4D. (D–G) Different views
of a wild-type OMCD segment (D and F) com-
pared with different views of a Hes1cKO OMCD
segment (E and G) reveal Foxi1-expressing in-
tercalated cells (arrowheads), Aqp4-expressing
PCs (arrows), and intermediate state cells
expressing both Foxi1 and Aqp4 (asterisks).
The cell labeled 1 is the same cell in (E and
G), and similarly the cell labeled 2 is the same
cell in (E and G). (H) In the inner stripe of the
OMCDs the average number of PCs per tubule
length decreases significantly in Hes1cKO
kidneys compared with wild-type controls.
Intermediate cell types are present at signif-
icantly higher numbers in the Hes1cKO inner
stripe of the OMCDs; *P,0.05, when per-
forming unpaired t tests. A minimum of seven
OMCD segments were analyzed per mouse,
and three mice per genotypic group were
analyzed. Scale bars, 10 mm.
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(Figure 8D). This conversion did not require DNA synthesis

consistent with a direct conversion of PCs into ICs in absence

of Notch signaling. This direct conversion may involve

derepression of Foxi1, which in turn is capable of activating

intercalated cell-specific genes.44,45 Whether Foxi1 or addi-

tional pro-IC factors repressed by Hes1 suppress PC genes

UB tip cells self-renew

and differentiate

into PCs and ICs during

collecting duct development
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Figure 8. Loss of Notch signaling triggers transdifferentiation of Elf5-expressing epithelial cells and loss of epithelial cell type diversity
in the adult kidney CNT and collecting duct segments. (A) Yellow ureteric bud (UB) tip cells self-renew and differentiate into all of the
cell types of the collecting ducts. Notch signaling is required for PC fate selection during collecting duct development. (B) Illustration of
the cell types found in wild-type versus Notch signaling–deficient adult kidney DCT2, CNT, and collecting duct (CD) segments. Blue
arrows indicate the directionality of the Notch signal sending and receiving cells. The segment specific Aqp2-expressing epithelial cells
are replaced with segment-specific intercalated cells (ICs) after inactivation of Notch1 and Notch2 (N1 and N2) or Hes1 inactivation in
the adult kidney epithelia. (C) Dll1 and Jag1 expressed in ICs activate Notch1 and Notch2 receptor in neighboring cells to maintain the
Aqp2-expressing epithelial cell state via Hes1 mediated repression of Foxi1 expression. Inactivation of Hes1 allows for Foxi1 expression
in PCs, and Foxi1 may be sufficient to trigger cell type conversion. Alternatively, Foxi1 may only turn on intercalated cell–specific genes
and additional prointercalated cell factors (Pro-ICF), also repressed by Hes1, turn on in the absence of Hes1 to suppress the Aqp2-
expressing epithelial cell–specific genes. (D) Fate tracing of genetically labeled adult Elf5-expressing cells (yellow border) indicate that
a majority (99.8%) of labeled cells in the inner stripe of the OMCDs express PC markers (red) and do not express IC-markers (green) in
adult mice. Two weeks of lithium treatment converts 6% of labeled PCs to ICs, whereas 3 weeks after initiation of Hes1 inactivation in
Elf5-expressing PCs about 40% of labeled PCs express IC markers. MCD, medullary collecting duct cell.
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needs to be determined (Figure 8C). The PC-to-IC conversion

may involve dot1l, a histone H3-K79-methyltransferase, be-

cause inactivation of dot1l using Aqp2-Cre also increased ICs

and decreased PCs.46 In support of our findings that Notch

signaling is required for maintenance of PC state, Park et al.47

report that IC-to-PC transitions occur with ectopic activation

of Notch1 and are associated with metabolic acidosis. Addi-

tionally, through single-cell RNA-sequencing, they identify

individual cells expressing both IC- and PC-specific genes

even in normal adult mouse kidneys.47 Consistent with a

low level of constitutive PC-to-IC conversion, we observed

,0.2% of the tdtomato-labeled PCs begin expressing IC

markers in wild-type, nonlithium-treated mouse kidneys at

3–5 weeks after initiation of PC labeling.

Thequestion arises as towhether the susceptibility ofAqp2+

cells in the DCT2, CNTof the distal tubules, and the cortical

andmedullary collecting duct segments to cell type conversion

is merely a weakness or if it serves a purpose. On the basis of

our observations that short-term lithium triggers a modest

Elf5+ PC-to-IC conversion (Figure 8D), and the finding that

PC defects occur in the kidneys of patients with bipolar dis-

order who are prescribed lithium, the plasticity of the PCs

appears to be a weakness. However, certain physiologic chal-

lenges may require more ICs in the CNT and collecting duct

segments, perhaps to maintain pH and electrolyte balance.

Along these lines, a low potassium diet is known to trigger

an increase in IC-to-PC ratio in the medullary duct.48,49 Ad-

ditionally, Notch signaling activation in the distal nephron of

SPAK-null mice is associated with cell type remodeling, in

which PC numbers increase in the CNT at the expense of

type A ICs.39 This distal nephron remodeling is possibly

part of compensatory mechanisms that occur in response to

defective NaCl reabsorption in the distal nephron. These ob-

servations collectively support the idea that plasticity of the

cell types in the CNTand collecting duct segments may allow

for physiologic adaptation to electrolyte imbalances.
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