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ABSTRACT
Background Volume-regulated anion channels (VRACs) are heterohexamers of LRRC8A with LRRC8B, -C,
-D, or -E in various combinations. Depending on the subunit composition, these swelling-activated chan-
nels conduct chloride, amino acids, organic osmolytes, and drugs. Despite VRACs’ role in cell volume regu-
lation, and large osmolarity changes in the kidney, neither the localization nor the function of VRACs in the
kidney is known.

Methods Mice expressing epitope-tagged LRRC8 subunits were used to determine the renal localization
of all VRAC subunits. Mice carrying constitutive deletions of Lrrc8b–e, or with inducible or cell-specific
ablation of Lrrc8a, were analyzed to assess renal functions of VRACs. Analysis included histology, urine
and serum parameters in different diuresis states, and metabolomics.

Results The kidney expresses all five VRAC subunits with strikingly distinct localization. Whereas LRRC8C
is exclusively found in vascular endothelium, all other subunits are found in the nephron. LRRC8E is specific
for intercalated cells, whereas LRRC8A, LRRC8B, and LRRC8D are prominent in basolateral membranes of
proximal tubules. Conditional deletion of LRRC8A in proximal but not distal tubules and constitutive dele-
tion of LRRC8D cause proximal tubular injury, increased diuresis, and mild Fanconi-like symptoms.

Conclusions VRAC/LRRC8 channels are crucial for the function and integrity of proximal tubules, but not
for more distal nephron segments despite their larger need for volume regulation. LRRC8A/D channels
may be required for the basolateral exit of many organic compounds, including cellular metabolites, in
proximal tubules. Proximal tubular injury likely results from combined accumulation of several transported
molecules in the absence of VRAC channels.

JASN 33: 1528–1545, 2022. doi: https://doi.org/10.1681/ASN.2021111458

Animal cells have flexible, water-permeable outer
membranes that cause cells to shrink or swell
when exposed to osmotic gradients. Extracellular
osmolarity is tightly controlled in most mamma-
lian tissues, but can fluctuate widely in organs
such as the kidney.1–3 Hence cell volume regula-
tion, which counteracts osmotic shrinkage or
swelling, is highly relevant for renal cells. Cell vol-
ume regulation is not only crucial for preventing
cell bursting with strong extracellular hypotonicity,
but for keeping cytoplasmic concentrations of
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proteins and second messengers in a narrow range.4–6 Cell
volume regulation relies on plasma membrane transport of
osmoticants which reduces and finally inverts osmotic gra-
dients that have caused cell volume changes in the first place.

Osmoticants include ions (mainly K1, Cl2, and Na1)
and various metabolites such as taurine, myo-inositol, and
glutamate. Acute regulatory volume decrease (RVD) after
cell swelling relies on the cellular loss of K1 and Cl2, both
through electrically coupled K1 and Cl2 channels and elec-
troneutral K1Cl2 cotransporters, or the efflux of organic
osmoticants.4–6 The latter efflux occurs largely through
volume-regulated anion channels (VRACs), which also
mediate swelling-induced Cl2 efflux. Acute regulatory vol-
ume increase, by contrast, involves uptake of Na1 and Cl2.
It occurs either through Na1K12Cl2 cotransporters, or
through indirectly coupled Na1/H1 and Cl2/HCO2

exchangers. Almost all ion transporters involved in cell vol-
ume regulation have additional functions such as regulation
of intracellular pH or transepithelial transport.4,6

In the kidney, attention has been focused on cell volume
regulation in the medulla that can experience very high
osmolarity changes. Although acute regulatory volume
increase involves ion transport processes described above,
the increased cytosolic amounts of Na1 and Cl2 are later
replaced by “inert” organic osmoticants to maintain crucial
plasma membrane ion gradients.2,4,6 These osmolytes in-
clude sorbitol, betaine, taurine, and myo-inositol.7–9 They
may be newly synthesized10 or taken up by Na1-coupled
transporters.11–13 Upon subsequent RVD, they may leave
cells through VRACs.

Less attention has been paid to cell volume regulation in
other nephron segments. Mice lacking basolateral K1Cl2

cotransporters KCC3 and KCC4 displayed impaired RVD
in proximal tubules (PTs).14 In cultured PT cells, RVD was
described to depend on basolateral TASK2 K1 channels
and VRACs.15,16 Not surprisingly, typical ICl,vol volume-
activated VRAC currents were detected also in other renal
epithelial cells.17,18

VRACs are ubiquitously expressed in vertebrates and
mediate RVD in many cells types.4,5,19 Surprisingly, almost
nothing is known on their role in the kidney. This dearth
of information stems from the only recent identification of
VRACs as heteromers of LRRC8 proteins.20 VRACs require
LRRC8A as an essential subunit,20,21 but need at least one
other LRRC8 isoform (LRRC8B–E) to form functional
channels.20 LRRC8 proteins assemble to hexamers.22,23 Dif-
ferently composed VRACs display distinct biophysical
properties20,24 and substrate specificities.25,26 For instance,
inclusion of LRRC8D greatly increases VRACs’ permeabil-
ity to taurine, amino acids, myo-inositol, and drugs such as
cisplatin.25,26 VRACs’ role in cisplatin resistance26 and the
transport of the immunomodulator cGAMP27,28 suggest
biologically significant transport activity even under iso-
tonic conditions.

Capitalizing on several new genetic mouse models, we now
show that VRAC subunits display highly distinct renal expres-
sion patterns. Whereas LRRC8A was found in virtually all
cells, LRRC8C appeared restricted to vascular endothelial cells.
In addition to LRRC8A, LRRC8B and LRRC8D were mark-
edly expressed in basolateral membranes of PTs and to a lesser
degree in more distal nephron segments. LRRC8E appeared
specific for intercalated cells (ICs). Disruption of either
LRRC8A or LRRC8D resulted in structural damage of the PTs
and in functional abnormalities such as increased diuresis and
Fanconi-like symptoms including mild proteinuria and glycos-
uria. We conclude that metabolite-conducting LRRC8A/D
channels are crucial for PT function.

METHODS

Mice
All animal experiments were approved by and performed
in compliance with local authorities (LAGeSo Berlin, Ger-
many). Mice were housed under standard conditions in the
Max-Delbr€uck-Centrum f€ur Molekulare Medizin (MDC)
animal facility according to institutional guidelines. Experi-
ments were performed in 10- to 14-week-old male and
female mice.

The generation of the conditional Lrrc8alox/lox mice, the
conditional knockin Lrrc8aHAlox/HAlox mice, and the condi-
tional Lrrc8dTdTlox/TdTlox mice were described elsewhere.29,30

Knockin mice carrying an epitope tag sequence fused at the
C-terminal end of LRRC8B, LRRC8C, or LRRC8E were newly
generated by CRISPR-Cas9 technology by the Transgenic Core
Facility (TCF) at the MDC (TCF-MDC) (Berlin, Germany).
smFPMMyc31 (GFP variant containing several Myc-epitopes)
was fused to Lrrc8b yielding Lrrc8bsmFPMyclox/smFPMyclox mice, a
double V5 sequence was fused to Lrrc8c in Lrrc8cV5/V5 mice,
and smFPV531 (containing several V5 epitopes) was attached
to Lrrc8e in Lrrc8esmFPV5/smFPV5 mice.

Significance Statement

Kidney cells are exposed to large changes in osmolarity and
hence require efficient volume regulation. Volume-regulated
anion channels (VRACs) mediate regulatory volume decrease,
but their expression and function in the kidney remain enig-
matic. VRACs, heterohexamers of LRRC8 proteins, also conduct
metabolites. This paper describes the renal expression pattern
of all five LRRC8 subunits and explores their roles in mouse
models. Except for vasculature-restricted LRRC8C, all LRRC8
proteins are found along the nephron. Rather than in medulla,
which experiences large osmolarity changes, VRACs are most
highly expressed in proximal tubules, which have metabolite-
conducting LRRC8A/D channels. Targeted disruption of either
subunit injures the proximal tubule and produces Fanconi-like
symptoms. VRACs may mediate nonspecific exit of organic com-
pounds in this highly transporting nephron segment.
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Figure 1. Renal localization of the mandatory VRAC subunit LRRC8A. (A) Representative Western blot analysis of the five VRAC
subunits (LRRC8A–E) in membrane fractions isolated from different kidney regions: cortex (CTX), outer medulla (OM), inner medulla
(IM), and papilla (Pap) from WT mice. Pendrin served as CTX marker and b-actin as loading control (shown as example for pendrin
gel). Samples from CTX and OM were pooled from two mice, whereas IM1Pap were combined from six mice. (B) Panoramic view of
LRRC8A-HA expression in Lrrc8aHAlox/HAlox kidney, using an HA antibody (white). Approximate localization of cortex, outer medulla,
and inner medulla are indicated below. (C) Immunodetection of HA-tagged LRRC8A (white) in different renal tubule segments. PT
was identified with luminal labeling with Lotus tetragonolobus Lectin (LTL) (red) and KCC4 (green) at the basolateral membrane.
DCT was recognized by the basolateral staining of Barttin (green), which also expresses in ICs of CCD and TAL. TAL was additionally
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Lrrc8d2/2 mice were generated by CRISPR-Cas9 at the
TCF-MDC. Lrrc8d2/2 mice carried a 14-bp deletion
(nucleotides 43–56) in the coding sequence, resulting in an
early stop codon before the first transmembrane domain.

Lrrc8b2/2 mice were generated using targeted embry-
onic stem cells (Lrrc8btm1a(KOMP)) obtained from the
European Conditional Mouse Mutagenesis Program
(EuCOMM). Lrrc8c2/2 mice were produced using sperm
donated by I. Masayoshi (Nagoya City University) via
RIKEN. Lrrc8e2/2 mice were produced by CRISPR-Cas9 at
the TCF-MDC and have already been reported.27

For conditional deletion of Lrrc8a, Lrrc8alox/lox mice were
crossed with the following Cre-lines: ApoE-Cre,32 Villin-
Cre,33 Ksp-Cre,34,35 and Tie2-Cre.36 Inducible nephron-
specific Lrrc8a knockout (KO) mice were generated using
Lrrc8alox/lox mice additionally expressing Pax8-rtTA and Tet-
On LC-1.37 The 8- to 12-week-old Lrrc8alox/lox/Pax81/LC11

male/female mice were fed with doxycycline-containing food
(6 g doxycycline/kg) for 2 weeks. Mice were used 3–7 days
after discontinuing doxycycline treatment, unless otherwise
specified. Doxycycline-induced Lrrc8alox/lox/Pax82/LC12 lit-
termates were used as control mice.

Blood and Urine Analysis
Mice were anesthetized with ketamine and xylazine intraperito-
neally. For electrolyte and pH analyses (using iSTAT handheld
blood analyzer with EC81 cartridges, Abbott Laboratories),
blood was collected by retrobulbar puncture using Na1-heparin
capillaries. Blood osmolarity was calculated using the following
equation: 23[Na1] 1 [urea] 1 [glucose] (blood concentra-
tions in millimolars).38 For serum creatinine and copeptin
determination, blood was collected from the beating heart of
anesthetized mice. After 20 minutes at room temperature, the
blood was centrifuged at 2000g to obtain serum in the super-
natant. Creatinine was measured by enzymatic assay at the
MDC Animal Phenotyping Facility and copeptin determina-
tion was by ELISA kit (Cloud-Clone Corp, #CEA365Mu).

Mice were singly housed in metabolic cages (Uno BV,
Netherlands) for 2 days with free access to water (adaptation
period) before urine was collected under water-saturated
mineral oil for 24 hours. Mice were then water-deprived for
24 hours. Urine was collected every few hours to prevent
food and fecal contamination. Urine electrolytes were ana-
lyzed at the MDC Animal Phenotyping Facility and urine pH
by using a microelectrode (Mettler Toledo, #10333243).

Antibodies
Polyclonal antibodies against the individual LRRC8 subu-
nits were raised in rabbits (Pineda-Antik€orper-Service,

Germany) and their specificity was ascertained using KO
controls20,25,26,29,30 (Supplemental Figure 1A). LRRC8A-HA
protein was detected with anti-HA antibodies (Cell Signaling
Technology, #3724 or Roche, #11867423001), LRRC8D-
tdTomato was detected with an anti-RFP antibody (Rock-
land, #600401379), LRRC8B-smFPMyc was detected with
Myc antibody (ChromoTek, #9e1-100), and both LRRC8C-
V5 and LRRC8E-smFPV5 were detected with a V5 antibody
(Biozol, #orb256446). Other antibodies used are listed in
Supplemental Table 1.

Secondary antibodies were from Molecular Probes (cou-
pled to Alexa 488, Alexa 555, or Alexa 633) or from Jack-
son ImmunoResearch (coupled to horseradish peroxidase).
DAPI was from Invitrogen and Lotus tetragonolobus Lectin
LTL (Fluorescein FL-1321) from Vector Laboratories.

Western Blot Analysis
Membrane homogenates from whole kidney or kidney regions
were quantified by BCA assay. Equal amounts of protein were
separated by SDS-PAGE and blotted onto nitrocellulose mem-
branes which were probed with the indicated antibodies
(Supplemental Table 1) and detected by luminescence (Super-
Signal, Thermo Fisher Scientific, #34580). ImageJ was used for
quantification of the Western blots. Protein levels were nor-
malized to actin controls on the same blot.

Histology and Immunofluorescence
For histology, mice were perfused with 4% PFA/PBS. Next,
4-mm paraffin-embedded tissue sections were stained with
Masson’s trichrome (Dianova, TRM-1), periodic acid–Schiff
(Merck, HX961795), or hematoxylin (Sigma, #1092490500)/
eosin (Roth, #CI45380). Images were acquired with an Axio-
phot microscope. For immunofluorescence, mice were
perfused with 1% PFA/PBS and kidneys frozen in cold iso-
pentane. Next, 4-mm sections were treated with 0.25% Triton
X-100, blocked with 1% BSA, and incubated overnight at
4�C with primary antibodies (Supplemental Table 1) and
later with secondary antibodies and counterstained with
DAPI (Invitrogen). Confocal images were acquired with a
Zeiss LSM880 confocal laser scanning microscope.

Transdermal Measurement of GFR
GFR was determined according to Scarfe et al.39 Transder-
mally determined FITC-sinistrin fluorescence decay was
converted into GFR as described.40

Statistical Analyses
Data are shown as mean6SEM, where n represents the
number of animals. Statistical significance between groups

Figure 1. (Continued ) labeled with Tamm–Horsfall protein (THP) (red) at the apical membrane. The lumen of tubules is indicated by
an asterisk. (D) Expression of LRRC8A-HA in glomerulus (white). Antibody specificity was tested in WT mice (WT-Ctrl). Nuclei stained
with DAPI (blue). Scale bars, 10 mm (DCT, PT, glomerulus), 5 mm (CCD, TAL), and 500 mm (whole kidney). Representative pictures of
three mice per genotype.
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Figure 2. Prominent expression of LRRC8B and LRRC8D in basolateral membranes of PTs. (A) LRRC8B-smFPMyc detection
(white) in Lrrc8bsmFPMyclox/smFPMyclox kidney, using a Myc antibody. (B) Immunodetection of LRRC8B-smFPMyc (in white) in different
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was assessed using Mann–Whitney U test in Prism, Graph-
Pad Software. A P value ,0.05 was considered statistically
significant.

RESULTS

Renal Expression Pattern of LRRC8 VRAC Subunits
Western blots indicated that all five LRRC8 VRAC subunits
are expressed in the kidney (Figure 1A, Supplemental
Figure 1A). The essential LRRC8A subunit appeared uni-
formly distributed between cortex, medulla, and papilla.
LRRC8B and LRRC8D expression were moderately skewed
toward the cortex, whereas LRRC8C and LRRC8E were
predominantly found in inner medulla/papilla.

Because our LRRC8 antibodies do not work in formalde-
hyde-fixed tissue, we resorted to knockin mice expressing
LRRC8 subunits fused to epitope tags at their carboxy ter-
mini. Electrophysiologic analysis of heterologously expressed
channels showed that epitope addition did not change bio-
physical channel properties30 (data not shown).

For LRRC8A, we used Lrrc8aHAlox/HAlox mice.30 The mod-
ified allele was floxed to allow cell-type-specific deletion. The
epitope tag produced no significant alteration in the intrare-
nal distribution of LRRC8A (Supplemental Figure 1B). Con-
sistent with Western blots (Figure 1A), staining for the HA
epitope appeared overall homogeneous in kidney sections
with a slight gradient from cortex to papilla (Figure 1B).
LRRC8A-HA was found in renal tubules (Figure 1C), glo-
meruli (Figure 1D), and vasculature (Supplemental Figure 2).
Labeling specificity was ascertained using wild-type (WT)
mice as negative control (Figure 1, C and D).

Deleting LRRC8A-HA specifically in endothelium with
Tie2-Cre mice36 revealed that the medullary LRRC8A-HA sig-
nal largely stems from vasculature (Supplemental Figure 2).
PTs showed highest LRRC8A expression. LRRC8A resided
in basolateral membranes (Figure 1C). Minor amounts of
LRRC8A-HA were detected in thick ascending limb (TAL), in
distal convoluted tubule (DCT), and in apparently all cell types
of the cortical collecting duct (CCD) (Figure 1C). It was diffi-
cult to unambiguously detect LRRC8A in the thin limb by
immunohistochemical staining, but mRNA expression studies
confirm its presence in this segment.41 Contradictory reports
described VRACs also on lysosomes,42,43 but LRRC8A-HA

did not colocalize with LAMP1 in either PT cells or ICs.
(Supplemental Figure 3).

Likewise, LRRC8B (tagged with smFPMyc31) was promi-
nently expressed in basolateral membranes of PTs (Figure
2, A and B, Supplemental Figure 1C). At lower levels it was
also found in TAL, but not in DCT or CCD. The expres-
sion pattern of LRRC8D closely resembled that of LRRC8A.
The tdTomato-labeled LRRC8D subunit29 was prominently
expressed in basolateral membranes of PTs. It was also
found to a minor degree in TAL, DCT, and CCD (Figure 2,
C and D, Supplemental Figure 1D).

LRRC8C-V5 was not detected in renal tubules, but was
prominently expressed in vascular endothelial cells (Figure
3, A and B). LRRC8E, tagged with smFPV5,31 was mostly
detected in the urothelial lining of the papilla (Figure 3C),
explaining the expression pattern observed in Western blots
(Figure 1A, Supplemental Figure 1E). LRRC8E was also
present in scattered cells in cortex and medulla. These were
identified as acid-secreting a- and bicarbonate-secreting
b-ICs by the expression of AE1 and pendrin, respectively
(Figure 3D). LRRC8E was found in basolateral membranes
in addition to fine cytoplasmic punctae. It could not be
detected in Na1- and water-reabsorbing principal cells
identified by AQP2.

Table 1 summarizes the expression patterns of LRRC8A–E
subunits.

Tubular Injury upon Disruption of Lrrc8a
Constitutive Lrrc8a2/2 mice display high pre- and perinatal
lethality and multiorgan pathology.44 We therefore used
Lrrc8alox/lox or Lrrc8aHAlox/HAlox mice crossed with Cre
recombinase-expressing mouse lines to delete LRRC8A,
and hence total VRAC activity, in specific cell types.
Crosses with ApoE-Cre mice, which delete target genes
along the nephron in a chimeric fashion45–47 (Figure 4A),
reduced LRRC8A protein levels in both cortex and medulla
by approximately 50% (Figure 4B), a finding confirmed by
immunofluorescence (Figure 4, D and E). Deletion was chi-
meric in tubules, glomeruli, and blood vessels (Figure 4E).

ApoE-Cre;Lrrc8alox/lox mice displayed scattered renal
injury. It was most prominent in cortex and mainly affected
PTs with swollen cells, dilatation, and sometimes collapse of
tubules. In more distal nephron segments luminal casts and

Figure 2. (Continued ) renal tubules. LRRC8B-smFPMyc is prominently found at the basolateral membrane of the PT with weaker
expression in the TAL, but was not detected in the DCT and CCD. (C) Overview of renal LRRC8D-TdTomato expression in
Lrrc8dTdTlox/TdTlox mice, detected with an RFP antibody (white). (D) Localization of LRRC8D-TdTomato (white) in different nephron
segments. In (A) and (C), kidney cortex (CTX), outer medulla (OM), and inner medulla (IM) are indicated. In (B) and (D), an asterisk
indicates lumen of the tubule. PT was identified with Lotus tetragonolobus Lectin (LTL) at the brush border (red) and GLUT2 or
KCC4 (green) at the basolateral membrane. DCT recognized by the basolateral staining of Barttin (green), which also expresses in
ICs of CCD and TAL. TAL was additionally labeled with Tamm–Horsfall protein (THP, red) at the apical membrane. Myc and RFP-
specific signal was tested in WT mice (WT-Ctrl). Nuclei stained with DAPI (blue). Scale bars, 10 mm (DCT, TAL), 5 mm (CCD, PT), and
500 mm (whole kidney). Images are representative of n$3 mice per genotype.
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nearby damaged cells were observed (Figure 4F). Electron
microscopy revealed several dedifferentiation states in single
PT sections, including brush border loss, cell swelling, sub-
stantial thickening of basement membranes, organelle rare-
faction, mitochondrial damage, and hydropic cell death
(Supplemental Figure 4, A and B). Interstitial fibrosis was
detected by trichrome staining (Figure 4F). However, we also
found apparently healthy PT cells that lacked LRRC8A
(Figure 4E). Hence some cells, for unknown reasons, were
resistant to VRAC disruption, or, more likely, cellular prolif-
eration continuously replaced slowly degenerating cells.48

Indeed, the proliferation marker Ki6749 was markedly upre-
gulated in cortex of ApoE-Cre;Lrrc8aHAlox/HAlox kidneys
(Supplemental Figure 5).

Pax8-rtTACre mice were used to acutely induce Lrrc8a
deletion in epithelial cells along the entire nephron37

(Supplemental Figure 6A). Doxycycline treatment of adult
Pax8-rtTACre;Lrrc8alox/lox mice reduced LRRC8A levels by
approximately 70% and approximately 30% in cortex and
medulla, respectively (Supplemental Figure 6B). Immuno-
histochemistry confirmed high deletion efficiency along
the nephron while sparing glomeruli and vasculature
(Supplemental Figure 6, D and E). Kidney injury was similar
to that of ApoE-Cre;Lrrc8aHAlox/HAlox mice (Supplemental
Figure 6F). Hence, the observed kidney injury does not
require Lrrc8a disruption during development.

Renal Pathophysiology in Mice Lacking LRRC8A
Adult ApoE-Cre;Lrrc8alox/lox mice, but not acutely induced
Pax8-rtTACre;Lrrc8alox/lox mice, weighed slightly less than
control littermates (Figure 4C, Supplemental Figure 6C).
Both mouse models had reduced GFR and increased serum
creatinine (Supplemental Table 2), although only ApoE-
Cre, but not Pax8-rtTACre, drives disruption in glomeruli.
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Figure 3. Renal expression pattern of LRRC8C and LRRC8E.
(A) V5-tagged LRRC8C (white) in knockin Lrrc8cV5/V5 mouse,
using a V5 antibody. Glomerulus are indicated with arrows. (B)
LRRC8C-V5 (in white) colocalized with the endothelial marker
ICAM1 (green) in outer medulla (OM) and glomerulus. (C) Renal
expression of LRRC8E-smFPV5 in Lrrc8esmFPV5/smFPV5 knockin
mice, using a V5 antibody. Prominent urothelium staining
(arrows), and scattered staining in medulla and cortex which
represent ICs as seen in (D). (D) LRRC8E-V5 (in white) is
expressed in basolateral membranes of ICs, identified as a-IC
by AE1 (green) and b-IC by pendrin (green). LRRC8E-V5 was not
found in principal cells (stained with AQP2 in red). In (A) and (B),
cortex (CTX), outer medulla (OM), and inner medulla (IM) are
indicated below. V5 signal specificity was tested in WT mice
(WT-Ctrl), nuclei stained with DAPI (blue). Scale bars, 10 mm
(glomerulus, DCT, PT), 5 mm (CCD, TAL), and 500 mm (whole
kidney). Images are representative of at least three mice per
genotype.
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This suggests that these changes may result from tubulo-
glomerular feedback rather than from alterations in glo-
meruli (Supplemental Figure 4C).

Both mouse lines displayed mild proteinuria (Supplemental
Figure 7A) which was less pronounced than in control Clcn5y/2

mice with a specific impairment of PT endocytosis.47 Both
lines also showed mild glycosuria (Supplemental Table 3)
despite normal expression levels of major glucose transporters
(Supplemental Figure 8). Increases in urinary phosphate and
ammonia were not significant and urinary uric acid was nor-
mal (Supplemental Table 3). By contrast, urine pH was signifi-
cantly lower in ApoE-Cre;Lrrc8alox/lox mice.

Unexpectedly, both mouse lines had markedly increased
diuresis and water intake under free access to water (Figure
4, G and H and Supplemental Figure 6, G and H for ApoE-
Cre;Lrrc8alox/lox and induced Pax8-rtTACre;Lrrc8alox/lox,
respectively). Urine osmolality was approximately halved
with both lines. Total urinary excretion of Na1, K1, and Cl2

appeared marginally increased, but this difference did not
reach statistical significance in most cases (Supplemental
Table 3). Renal expression levels of relevant ion transport
proteins were unchanged in ApoE-Cre;Lrrc8alox/lox mice
(Supplemental Figures 8 and 9). Under 24-hour water restric-
tion, both conditional Lrrc8a KO lines could concentrate
urine, but less than control littermates (Figure 4H,
Supplemental Figure 6H), and had increased blood Na1 and
Cl2 concentrations as sign of dehydration (Supplemental
Table 4).

Secretion of antidiuretic vasopressin (AVP) in the supra-
optical nucleus may be modulated by VRAC-mediated tau-
rine release from astrocytes.4,50 Because the ApoE promoter
is active in some glial cells,51 we wanted to exclude central
effects of Lrrc8a disruption. Serum concentrations of
copeptin, a surrogate of AVP,52 were indistinguishable
between WT and ApoE-Cre;Lrrc8alox/lox mice with free
access to water 68.3616 pg/ml and 69.7613 pg/ml,
respectively), and rose about 7-fold upon 24-hour water
restriction in either genotype (442636 [control] and
539660 pg/ml [ApoE-Cre;Lrrc8alox/lox]). Differences in pro-
tein levels of AQP2 and pAQP2(S269), which is inserted into
apical membranes of principal cells in response to AVP,53

did not reach statistical significance between genotypes
(Supplemental Figure 10). Water reabsorption through AQP2
is driven by the hyperosmolarity of the medulla.54 Osmolarity

of dissected medulla from euhydrated ApoE-Cre;Lrrc8alox/lox

mice was decreased by approximately 20% compared with
controls (Supplemental Figure 11A). Upon water deprivation,
the osmolarity increased about 2- to 3-fold in either genotype
(Supplemental Figure 11A), but remained approximately 30%
lower in the KO mainly due to lower Na1 concentrations
(Supplemental Figure 11, B–E). Collectively, these data indi-
cate that increased diuresis of ApoE-Cre;Lrrc8alox/lox mice is
not secondary to changes in central osmoregulation, but can
be, in part, attributed to decreased osmolarity of the medulla.

Distal Tubular Deletion of Lrrc8a Has Minimal Effects
on Diuresis and Water Intake
To address a potential role of distal tubular VRACs, we
deleted Lrrc8a in TAL and CD using Ksp-Cre mice55 (Figure
5A). This reduced overall medullary LRRC8A by only approx-
imately 25% (Figure 5B), consistent with high LRRC8A
expression in medullary capillaries (Supplemental Figure 2).
Immunostaining of medulla confirmed efficient LRRC8-HA
deletion in the nephron and unchanged expression in vascula-
ture (Figure 5E). Renal morphology appeared normal (Figure
5F). Water intake, diuresis, and urine osmolarity, both with
water ad libitum or upon water restriction, did not differ
between Ksp-Cre;Lrrc8alox/lox mice and control littermates
(Figure 5, G and H).

Villin-Cre Crosses Partially Recapitulate ApoE-Cre–
or Pax8-rtTACre–Generated Phenotypes
Because the above results pointed to a proximal origin of
VRAC-related renal pathology, we disrupted Lrrc8a using
Villin-Cre mice33,56 which in kidney exclusively deletes in
PT57 (Figure 6A). Lrrc8a disruption in PTs occurred with
approximately 50% mosaicity (Figure 6, B, D, and E), resulting
in overall 25% decrease of LRRC8A levels in cortex and no
change in medulla (Figure 6B). Villin-Cre;Lrrc8aHAlox/HAlox

kidneys displayed less structural damage than mice with
ApoE-Cre- or Pax8-rtTACre-driven Lrrc8a disruption. No
protein casts were found in distal segments. Injury was
restricted to renal cortex. PTs displayed some swollen cells,
but renal cortex lacked fibrosis and glomeruli appeared nor-
mal (Figure 6F). The weight of Villin-Cre;Lrrc8aHAlox/HAlox

mice appeared unchanged (Figure 6C). Similar to ApoE-Cre
and Pax8-rtTACre models, Villin-Cre;Lrrc8aHAlox/HAlox mice
exhibited increased diuresis, with urine osmolarity being

Table 1. Different expression patterns of VRAC subunits in the nephron

VRAC Subunit Glomerulus Proximal Tubule Thick Ascending Limb Distal Tubule Cortical Collecting Duct

LRRC8A 111 111 1 1 1 (ICs and PCs)
LRRC8B 11 111 1 2 2

LRRC8C 111 2 2 2 2

LRRC8D 2 111 1 1 1 (ICs and PCs)
LRRC8E 2 2 2 2 111 (ICs)
Qualitative estimation of abundance from highest (111) to absence (2). IC, intercalated cell; PC, principal cell.
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LRRC8A expression in kidney cortex (CTX) and medulla (Med) from ApoE-Cre;Lrrc8alox/lox and control (Lrrc8alox/lox) mice. Pendrin
served as marker for cortex and b-actin as loading control. Right, Western blot quantification. (C) Body weight of control and
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approximately halved (Figure 6, G and H). Likewise, these
mice concentrated urine upon water restriction, albeit less effi-
ciently than controls. Comparison of ApoE-Cre and Pax8-
rtTACre with Villin-Cre mouse models suggests a correlation
between the severity of PT injury and functional deficits. This
applied also for glycosuria (Supplemental Table 3) and protein-
uria, which were quite variable between mice (Supplemental
Figure 7B).

Similar Kidney Injury and Impaired Water Handling in
Lrrc8d2/2 Mice
Unlike Lrrc8a2/2 mice, animals lacking any of the other
four subunits survive well. Constitutive Lrrc8e2/2 mice27

and newly generated Lrrc8b2/2 and Lrrc8c2/2 mice had
normal renal morphology (data not shown) and lacked
other obvious phenotypes (Supplemental Tables 5 and 6).
In contrast, Lrrc8d2/2 mice (Figure 7A), whose weight did
not differ from controls (Figure 7B), showed renal injury
(Figure 7E) qualitatively similar to, but milder than, that
found with ApoE-Cre- or Pax8-rtTACre-driven Lrrc8a dis-
ruption. Serum creatinine (0.1160.003 mg/dl [WT] and 0.
1160.005 mg/dl [KO]) and GFR (274616 ml/min [WT]
and 246620 ml/min [KO]) were unchanged between geno-
types. Lrrc8d2/2 mice recapitulated the hypoosmolar poly-
uria and increased water intake (Figure 7, C and D) and
glycosuria (Supplemental Table 7). Increased blood Na1

and Cl2 concentrations as sign of dehydration were
observed after 24-hour water deprivation (Supplemental
Table 8).

Renal Tubular Injury Occurs within a Few Days after
Lrrc8a Disruption
Already four days after initiating doxycycline treatment of
Pax8-rtTACre;Lrrc8alox/lox mice, LRRC8A declined by
approximately 50% and some PT cells were damaged.
LRRC8A abundance declined further with prolonged treat-
ment and was accompanied by progressive tissue injury.
Tissue damage proceeded after stopping doxycycline
administration, as expected from slowly developing cellular
degeneration after VRAC disruption. The development of

polyuria roughly correlated with the extent of kidney injury
(Supplemental Figure 12), suggesting that a potential
impairment of transepithelial transport in Lrrc8a-disrupted,
but morphologically still intact, epithelial cells contributes
little to these phenotypes.

Organic VRAC Substrates Accumulate in Kidney
Cortex upon Loss of LRRC8A
To examine whether loss of VRACs leads to cytosolic accu-
mulation of metabolites that no longer can leave PT cells,
we surveyed metabolites in kidney cortex of ApoE-Cre;Lrr-
c8alox/lox mice and control siblings. In addition to other
changes, several known VRAC substrates3,5,19,20,25,58,59 such
as taurine, myo-inositol, gluconate, and lactate were signifi-
cantly increased in LRRC8A-depleted cortex (Supplemental
Figure 13). However, almost no significant changes in
metabolite concentrations were found in Lrrc8d2/2 cortex.
This observation correlates with the less severe cortical
damage of Lrrc8d2/2 mice and agrees with the fact that
only LRRC8A, but not LRRC8D, is essential for VRAC
activity.20

DISCUSSION

Large alterations in osmolarity occurring during changes in
diuresis require efficient renal cell volume regulation. A
major player in this process are VRACs, which transport
chloride and organic osmolytes.4,19 We now mapped the
renal expression pattern of all five LRRC8 subunits of het-
eromeric VRACs20 and explored their renal function in
genetic mouse models. Except for LRRC8C, which was
restricted to vascular endothelium, all subunits were found
in tubular epithelial cells, albeit with strikingly distinct
expression patterns. Unexpectedly, VRACs were most
highly expressed in the proximal rather than distal nephron
despite renal medulla experiencing the largest changes in
osmolarity. Degeneration of PT cells lacking VRACs was
associated with increased diuresis and symptoms of proxi-
mal tubular dysfunction. VRACs are essential for the
homeostasis of the highly transporting PT.

Figure 4. (Continued ) ApoE-Cre 11- to 12-week-old siblings. (D) Assessment of ApoE-Cre-driven LRRC8A deletion by immunofluo-
rescence (IF), using HA labeling (red) of kidney sections from ApoE-Cre;Lrrc8aHAlox/HAlox mice. Lotus tetragonolobus Lectin (LTL),
marker (green) for apical membranes of PTs. Cortex (CTX) and outer medulla (OM) indicated below images. Scale bar, 200 mm. (E)
Upper panel, chimeric deletion of LRRC8A-HA in ApoE-Cre;Lrrc8aHAlox/HAlox mice detected by IF; absence of basolateral LRRC8A-HA
(red) in some (#) and presence in other (§) cells of the same PT (*) identified by LTL (green). Lower panel, chimeric deletion of
LRRC8A in glomerulus (G) and endothelial cells labeled with CD102 (green); absence of LRRC8A-HA shown by # and LRRC8A-HA
expression in endothelial cells of control by §. Nuclei are DAPI stained (blue). Scale bar, 5 mm. (F) Upper panel, Masson’s trichrome
staining of cortex from control and ApoE-Cre mice. ApoE-Cre mice displayed tubular injury with mild fibrosis (blue), and swollen cells
(black arrowheads). Lower panel, periodic acid–Schiff staining indicated hyaline casts (#). Scale bar, 20 mm. (G) Daily water intake of
ApoE-Cre and control mice. (H) Volume and osmolarity of 24-hour urine of ApoE-Cre and control mice with water ad libitum (Ctrl) or
under 24-hour water restriction (WD). Bars, mean6SEM, **P,0.01, ***P,0.001 (Mann–Whitney U test). Images are representative of
at least three mice per genotype.
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Figure 5. Distal deletion of LRRC8A by Ksp-Cre does not affect urine concentration ability. (A) Sketch of Ksp promoter-driven
Cre expression. (B) Left, Western blot analysis of LRRC8A expression in cortex (CTX) and medulla (Med) in Ksp-Cre;Lrrc8alox/lox and
control (Lrrc8alox/lox) mice. Pendrin, cortex marker; b-actin, loading control. Right, Western blot quantification. (C) Body weight of
control and Ksp-Cre 11- to 12-week-old siblings. (D) Assessment of Ksp-Cre-driven LRRC8A deletion by HA labeling (red) of kidney
sections from Ksp-Cre;Lrrc8aHAlox/HAlox mice. TALs labeled (in white) for apical Tamm–Horsfall protein (THP). Approximate extension
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Expression Pattern of LRRC8 Subunits
Agreeing with the near-ubiquitous presence of VRAC cur-
rents,5,19 LRRC8A is apparently expressed in every renal cell
type, although at markedly different levels. LRRC8A expres-
sion was highest in PTs and vascular endothelium. The latter
cells specifically express LRRC8C. LRRC8A/C channels
transport many substrates,25,27,28,58 but no morphologic
alterations were found in Lrrc8c2/2 or endothelium-specific
Lrrc8a2/2 mice. This argues against a suggested crucial role
of vascular endothelial VRACs in angiogenesis.60

LRRC8E showed remarkably specific expression in the
urothelium and ICs. Besides being efficient Cl2 channels,
LRRC8A/E heteromers transport organic substrates with a
preference for negatively charged ones such as aspartate
and glutamate,25,58,59 ATP,58 and cGAMP,27,28 but it is
unclear whether ICs need this particular transport function.
ICs appeared structurally normal in both Ksp-Cre;Lrrc8alox/lox

and Lrrc8e2/2 mice (data not shown) and urinary pH was
normal in both lines suggesting that their transport of acid
was not affected.

LRRC8A, LRRC8B, and LRRC8D showed highest expres-
sion in PTs where they colocalized in basolateral membranes.
Immunofluorescence is ill suited to determine their relative
expression levels, but semiquantitative RNA sequencing
data41 suggest that LRRC8D is prevalent in PTs (LRRC8A:
LRRC8B:LRRC8D approximately 1:3:20). Because LRRC8A is
required for the plasma membrane expression of all other
subunits,20 this expression ratio indicates a predominant
presence of LRRC8A/D and LRRC8A/B/D channels.
LRRC8D ablation will leave poorly transporting LRRC8A/B
channels20,58 in PTs.

Although largely agreeing with mRNA expression levels
in microdissected mouse nephron segments,41 our study
examined expression at the protein level and provides
important information on the subcellular localization and
presence in specific cell types.

Origin of Proximal Tubular Degeneration
LRRC8-related cell damage was most evident in PTs.
Crosses with Villin-Cre mice suggested that it may be a
cell-intrinsic consequence of Lrrc8a gene ablation. When
Lrrc8a disruption included the distal nephron, as with
ApoE- or Pax8-driven disruption, we observed additional
distal injury associated with Tamm–Horsfall protein-
positive luminal protein casts. These may be secondary to

solute overload caused by impaired PT reabsorption, which
is more severe with ApoE- or Pax8- than with Villin-driven
disruption. Although Ksp-Cre;Lrrc8alox/lox mice showed
that distal Lrrc8a disruption is insufficient to cause pathol-
ogy, we cannot exclude that it contributes to distal tubular
injury together with PT disruption.

PTs absorb about 70% of filtered salt and water.
Although not exposed to large changes in extracellular
osmolarity, an imbalance between apical uptake and baso-
lateral transport may cause cell swelling that might need
VRACs for RVD. Indeed, some Lrrc8a2/2 PT cells
appeared swollen (Figures 4F and 6F, Supplemental Figure
6F), reminiscent of swollen and finally dying spermatids in
germ cell–specific Lrrc8a KO mice.30 Hence impaired cell
volume regulation might contribute to PT injury.

However, compared with PTs, medullary cells experi-
ence much larger osmotic stress.1,2,61 When exposed to
hyperosmolarity, they accumulate osmolytes such as beta-
ine, taurine, and myo-inositol.9 These compounds are sub-
strates of VRACs19,25,26 through which they may leave cells
when osmolarity drops again. In contrast to PTs, medullary
cells were not damaged upon VRAC ablation. By extrapola-
tion, impaired RVD may not be the major factor leading to
PT injury, a notion bolstered by the fact that loss of KCC3
and KCC4, which are important for PT RVD, does not
affect PT integrity.62

VRACs, which are partially open under isotonic condi-
tions,26,27 might also play a role in transepithelial transport.
The PT reabsorbs Cl2 predominantly paracellularly, but there
may also be a small component of transcellular Cl2 transport
involving unidentified basolateral Cl2 channels63,64 which
might be embodied by VRACs. VRACs also conduct bicar-
bonate,58,65 but a major role in transepithelial bicarbonate
transport is implausible considering the prominent role of
basolateral NaHCO3 symport in PT acid secretion.66,67 A role
of VRACs in apical H1-secretion also seems unlikely because
of the acidic urinary pH in the KO, although disruption of the
basolateral NBCe1 NaHCO3 cotransporter counterintuitively
increases urinary acidification.68 Also degeneration of PT cells
should rather lead to more alkaline urine. Because we
excluded a role of ICs, we have no explanation for the acidic
urinary pH in Lrrc8 KO mice.

We favor the hypothesis that impaired transport of
organic compounds underlies PT pathology. LRRC8A and
-D containing channels transport a plethora of organic

Figure 5. (Continued ) of cortex and outer medulla indicated below. Scale bar, 200 mm. (E) Efficient deletion (#) of HA-tagged
LRRC8A (red) in TAL (*; labeled in white with THP in lower panels) in Ksp-Cre;Lrrc8alox/lox mice. Note the faint red LRRC8A-HA stain-
ing in control, which is absent from Ksp-Cre tubules. Ksp-Cre did not delete in blood vessels (detected with endothelial CD102 [in
green, §]). Nuclei are DAPI stained (blue). Scale bar, 5 mm. (F) Masson’s trichrome staining of kidney cortex fails to detect fibrosis.
Scale bar, 20 mm. (G) Daily water intake of Ksp-Cre;Lrrc8alox/lox and control mice. (H) Volume and osmolarity of 24-hour urine of Ksp-
Cre and control mice with water ad libitum (Ctrl) or under 24-hour water restriction (WD). Bars, mean6SEM, *P,0.05 (Mann–Whitney
U test). Pictures are representative of at least three mice per genotype.
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Figure 6. Proximal tubular–restricted disruption of LRRC8A in Villin-Cre;Lrrc8aHAlox/HAlox mice results in polyuria and polydip-
sia. (A) Sketch of chimeric deletion by Villin-Cre in the proximal nephron. (B) Left, Western blot analysis of LRRC8A expression in cor-
tex (CTX) and medulla (Med) in Villin-Cre;Lrrc8aHAlox/HAlox and control (Lrrc8aHAlox/HAlox) mice. Pendrin, CTX marker; Tubulin, loading
control. Right, Western blot quantification. (C) Body weight of control and Villin-Cre;Lrrc8aHAlox/HAlox 11- to 12-week-old siblings. (D)
Assessment of Villin-Cre-driven LRRC8A deletion by HA labeling (red) of kidney sections from Villin-Cre;Lrrc8aHAlox/HAlox and control
mice. PTs identified by Lotus tetragonolobus Lectin (LTL) (green). Quantification of deletion efficiency by cell counting yielded
48.762.6% in Villin-Cre;Lrrc8aHAlox/HAlox PT cells (using three images from two different mice). Cortex (CTX) and outer medulla (OM)
indicated below. Scale bar, 200 mm. (E) Chimeric deletion (#) of basolateral HA-tagged LRRC8A (red) in Villin-Cre;Lrrc8aHAlox/HAlox

mice. Cells expressing LRRC8A-HA indicated with §, nuclei stained with DAPI (blue). Scale bar, 5 mm. (F) Masson’s trichrome staining
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substrates, irrespective of their electrical charge,25 while dis-
playing relatively low Cl2 currents. VRACs may also trans-
port small peptides such as glutathione (GSH),69 but we
did not observe changes in glutathione in ApoE-Cre;Lrr-
c8alox/lox mice: total GSH (mg/g tissue) 5 2.660.3 (con-
trols) and 2.860.1 (ApoE-Cre;Lrrc8alox/lox); and glutathione
disulfide (nmol/g tissue) 5 53.8611 (controls) and
45.367.3 (ApoE-Cre;Lrrc8alox/lox). Many of these com-
pounds are actively reabsorbed by apical cotransporters,
accumulate in the cytosol, and passively leave across the
basolateral membrane. If VRACs mediate their basolateral
exit, their cytosolic concentrations will increase, potentially
causing osmotic swelling or toxic effects. Consistent with
the role of VRACs in taurine transport,25,26 taurine and
several other VRAC substrates were increased in the cortex
of ApoE-Cre;Lrrc8alox/lox (Supplemental Figure 13). Other

compounds were decreased, probably as a consequence of
changed cellular metabolism. The transport activity of
LRRC8A/B channels, the main heteromers remaining after
Lrrc8d disruption, seems sufficient to prevent significant
changes in cortical metabolites and correlates with milder
injury in Lrrc8d2/2 than in Lrrc8a2/2 kidneys. Our meas-
urements underestimate these metabolite changes because
of cellular heterogeneity of kidney cortex and mosaic Lrrc8
disruption, and because damaged PT cells may no longer
retain these compounds. Secondary changes in transmem-
brane fluxes may also come into play. For instance, the
decrease in cortical 1,5-anhydro-D-glucitol likely results
from glycosuria because luminal glucose competes with
1,5-anhydro-D-glucitol uptake into the PT.70 No single
metabolite emerged as a candidate for explaining the
observed cellular pathology. We therefore propose that

Figure 6. (Continued ) of kidney cortex from control and Villin-Cre mice. Tubular injury in Villin-Cre mice with very mild fibrosis
(blue), and few swollen cells (black arrowhead). Scale bar, 20 mm. (G) Daily water intake in Villin-Cre;Lrrc8alox/lox and control mice.
(H) Volume and osmolarity of 24-hour urine of Villin-Cre and control mice with water ad libitum (Ctrl) or under 24-hour water restric-
tion (WD). Bars, mean6SEM, *P,0.05, **P,0.01, ***P,0.001 (Mann–Whitney U test). Pictures are representative of more than three
mice per group.
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Figure 7. Constitutive deletion of LRRC8D recapitulates the renal phenotype of proximal tubular deletion of LRRC8A. (A) Repre-
sentative Western blot analysis of LRRC8D expression in kidney and brain membrane fractions isolated from LRRC8D KO (Lrrc8d2/2)
and WT mice; b-actin, loading control. (B) Body weight of 11- to 12-week-old Lrrc8d2/2 and WT siblings. (C) Daily water intake of
Lrrc8d2/2 and WT mice. (D) Volume (left) and osmolarity (right) of 24-hour urine collected from Lrrc8d2/2 and control mice, obtained
with water ad libitum (Ctrl) or under 24-hour water restriction (WD). (E) Masson’s trichrome staining of kidney cortex from Lrrc8d2/2 and
WT mice. Mild fibrosis in Lrrc8d2/2 mice (blue), tubular injury and swollen cells are indicated (arrowheads). Scale bar, 20 mm. Represen-
tative pictures of three mice per genotype. Bars, mean6SEM, **P,0.01, ***P,0.001 (Mann–Whitney U test).
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accumulation of several substrates of VRACs jointly exert
toxic effects and lead to kidney injury.

Impact of VRAC Deletion on Kidney Function
PT disruption of Lrrc8a or Lrrc8d resulted in mild glycos-
uria, low molecular weight proteinuria, polyuria, and bor-
derline hyperchloremic acidosis. No changes in the
abundance of relevant transport proteins were observed.
Impaired kidney function might rather result from the loss
of viable PT cells as suggested by the parallel development
of morphologic and functional changes upon acute Lrrc8a
disruption. Functional effects conform largely to a set of
variable symptoms of global PT dysfunction known as
“Fanconi syndrome.”71,72 For instance, the proteinuria of
mice lacking Lrrc8a or Lrrc8d in the PT showed the typical
pattern of proteins which are normally reabsorbed in the
PT (transferrin, retinol- and VitD-binding proteins;
Supplemental Figure 7). Urinary albumin, which like the
aforementioned proteins is reabsorbed after binding to the
megalin/cubilin complex,73 was also increased. However,
albuminuria was much less than expected for glomerular
damage. Indeed, electron microscopy showed that the glo-
merular filter was largely intact even when Lrrc8a was par-
tially disrupted in glomeruli by ApoE-Cre (Supplemental
Figure 4C).

The most salient functional abnormality, polyuria, is
found only in some “Fanconi’” patients. Purely osmotic,
glycosuria-related diuresis is excluded by decreased urine
osmolarity of Lrrc8a-deficient mice. Because PTs reabsorb
approximately 70% of filtered fluid, a decrease of PT water
permeability might cause polyuria. Indeed, disruption of
AQP1, the major water channel in both apical and basolateral
membranes of the PT, severely impaired urine concentration
ability.74,75 This was, however, attributed to reduced medul-
lary osmolarity, possibly owing to an overload of the counter-
current system.74,75 However, AQP1 appeared normal in
ApoE-Cre;Lrrc8alox/lox mice (Supplemental Figure 10). There
is one report that VRACs also transport water,76 but it seems
unlikely that water transport through VRACs would reach
levels comparable to AQP1. The slight decrease in osmolarity
in euhydrated ApoE-Cre;Lrrc8alox/lox mice might result from
PT dysfunction and distal overload as in Aqp12/2 mice. In
contrast to these mice, however, mice with PT disruption of
Lrrc8a were still able, although less efficiently, to concentrate
urine upon water deprivation, suggesting that the change in
medullary osmolarity is more pronounced in Aqp12/2 mice.

Surprisingly, LRRC8/VRAC channels are crucial for the
function and integrity of PT cells, but not for distal neph-
ron segments that experience much larger changes in
osmolarity. PT cells are particularly sensitive to harmful
stimuli such as hypoxia or toxic drugs because of the large
need for metabolic energy to reabsorb approximately two
thirds of the glomerular filtrate. PT cells not only have the
highest transport rates of the nephron, but by far transport

the most diverse set of molecules. We suggest that
LRRC8A/D channels, which are particularly efficient in
transporting a plethora of organic compounds, serve as
nonspecific exit “valves” to prevent cellular accumulation of
reabsorbed compounds or their metabolites. Their accumu-
lation eventually leads to PT injury in mice lacking VRACs.
By extension, we predict that VRACs protect, at least to
some degree, PTs against drugs and toxins that are reab-
sorbed from the tubular lumen.
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