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Carbonic anhydrase Il (CAll) is expressed along the nephramhere it interacts with a
number of transport proteins augmenting their activity. Agaporin-1 (AQP1) interacts
with CAll to increase water ux through the water channel. Bth CAll and aquaporin-1
are expressed in the thin descending limb (TDL); however, ¢hphysiological role of
a CAII-AQP1 interaction in this nephron segment is not knownTo determine if CAll
was required for urinary concentration, we studied water hadling in CAll-de cient
mice. CAll-de cient mice demonstrate polyuria and polydigia as well as an alkaline
urine and bicarbonaturia, consistent with a type Ill renalubular acidosis. Natriuresis
and hypercalciuria cause polyuria, however, CAll-de ciemmice did not have increased
urinary sodium nor calcium excretion. Further examinatiorevealed dilute urine in the
CAll-de cient mice. Urinary concentration remained redued in CAll-de cient mice
relative to wild-type animals even after water deprivationThe renal expression and
localization by light microscopy of NKCC2 and aquaporin-2 @&s not altered. However,
CAll-de cient mice had increased renal AQP1 expression. CIA associates with and
increases water ux through aquaporin-1. Water ux throughaquaporin-1 in the TDL
of the loop of Henle is essential to the concentration of uri as this is required to
generate a concentrated medullary interstitium. We therefe measured cortical and
medullary interstitial concentration in wild-type and CAlde cient mice. Mice lacking
CAIl had equivalent cortical interstitial osmolarity to Wi-type mice: however, they had
reduced medullary interstitial osmolarity. We propose threfore that reduced water ux
through aquaporin-1 in the TDL in the absence of CAIll prevestthe generation of a
maximally concentrated medullary interstitium. This, irutn, limits urinary concentration
in CAll de cient mice.

Keywords: carbonic anhydrase I, polyuria, urine concentr ation, aquaporin-1, metabolic
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INTRODUCTION water, as this signicantly decreases the mortality of GAIl

de cientanimals. An equal ratio of both male and female aais
Carbonic anhydrases are a group of zinc metalloenzymes thpétween 8 and 14 weeks of age were used. All experiments were
catalyze the reversible hydration of carbon dioxide intchomic  performed in compliance with the animal ethics board at the

acid, which in solution rapidly dissociates into bicarboma@nd  uUniversity of Alberta, Health Sciences section, protocol bem
a proton. The second isoform, carbonic anhydrase Il (CAIll) iSsAUP00000213.

soluble and is expressed in most tissues including red blood

cells, osteoclasts, and the kidn&p(cer et al., 1979; Lewis et al.,Metabolic Cage Studies

1989. CAll is expressed to varying levels along the nephrornimals were housed in metabolic cages as previously described

with the exception of the thin ascending lim((rkerson and for up to 72h permitting timed collection of urine and

Schwartz, 20071t is most prominently expressed in intercalated measurement of water and chow consuméthif et al., 2012;

cells of the distal nephron where it facilitates the secretioimke et al., 2013 At the end of the experiment, the animals

of protons Schwartz, 2002 via a physical and functional were anesthetized with pentobarbital, and blood was calteby

interaction with the anion exchanger 1 (AE1). This intefant retro-orbital venipuncture. Kidneys were next removed ands

has been dubbed a transport metabolafince and Reithmeier, frozen in liquid nitrogen as previously?@n et al., 2012; Dimke

1998, 200D Similarly in the proximal tubule CAIl likely etal., 201Bor processed for measurement of tissue osmotic and

participates in sodium reabsorption from the ltrate by binding electrolyte content as described below.

to apically expressed NHE3 and the basolaterally expressed

NBCel, increasing their activity via the provision of subgtr Citrate Removal Studies

(Becker and Deitmer, 2007; Krishnan et al., 2015 Wild-type and CAll-de cient mice were housed in metabolic
CAll also physically and functionally interacts with cages as described above for 24 h with water containing 15mM

aquaporin-1 (AQP1) Yilas et al., 2013 It binds to a similar sodium citrate. The citrate containing water was then shétt

motif to that found in AE1, DADD, increasing the permeability to water without sodium citrate and the animals housed in

of AQP1 to waterince and Reithmeier, 2000; Vilas et al., 2013 metabolic cages for another 6 days, with urine volume, weigh

AQP1 is expressed in both the apical and basolateral membraneiow eaten, and water consumed measured every 24 h.

of the proximal tubule as well as the thin descending limb (JDL o

of long looped nephronsiielsen et al., 1993b; Zhai et al., 207 Water Deprivation Study _ _ _

Both segments contribute signi cantly to AQP1 mediated evat Wild-type and CAll-de cient mice were housed in metabolic

reabsorption, however, AQP1 mediated water ux across th&29€s for 24h as descrlbed.above. After a 24h urine coltectio

TDL is also necessary for the concentration of uriéu et al., water was removed and urine 'collected and weight measured

1999. Although the role of AQP1 in the TDL is clear, to the best@t 3, 7, and 24h thereafter. Finally, 10 ng of ddAVP (as 0.1

of our knowledge, the role of CAll in this segment is unknown. Ng/ul ddAVP in saline, Sigma-Aldrich, Oakville, ON, Canada
Our observation that CAIl augments water ux through was injected mtraperltqneally and the mice put bf':\ckln met&@bo

AQP1 (Vilas et al., 201fed us to posit that CAll may contribute €ages for a further 7h in order to collect more urine.

to water reabsorption along the TDL and consequently .

urinary concentrat?ng ability. To test this hypothes?s, WeMeasurement of Serum and Urine HCO 3

examined water homeostasis in CAll-de cient mice. AnimalspH, Electrolytes, Osmolarity, and

lacking CAIl displayed polyuria and polydipsia that wasCreatinine

not driven by a natriuresis or calciuria. Instead, CAll- Urine bicarbonate was measured by an in-house developed

null mice have more dilute urine than wild-type animals, device as describedepiccione et al., 20)7Brie y 20 m of

even after water restriction. This failure to concentrateyrine was placed in a hermetically closed chamber. Addition of

urine is due to reduced medullary osmolarity, which weg strong acid (HCI 0.1 N) converted the bicarbonate present in

suggest is the consequence of reduced water ux througthe urine to CQ, and then CQ concentration was determined

AQPL. by a sensor based on non-dispersive infrared-technologylRYD
(Vaisala CARBOCAP). Finally, the bicarbonate concentratio

MATERIALS AND METHODS was calculated based on a standard curve of pCO2/[E]CO
Urine pH was assessed by dipstick (Fisher Scienti ¢, Toronto,

Animal Experiments ON, Canada) as previoushPén et al., 2012 Urine samples

Generation and genotyping of wild-type and the CAll-de cient were diluted 1:10 with distilled water and the osmolarity
mice were performed as described previousk(is et al., 1988; measured with an Advanced Osmometer (model 3D3, Advanced
Brown et al., 2012 Mice were housed in virus-free conditions Instruments, Norwood, MA), by freezing point depression.
and maintained on a 12 h light/dark schedule. Standard padlet Urine creatinine was determined by the picric acid method
chow [PicoLab Rodent Diet 5053; 20% (wt/wt) protein, 4.5%s previously using the Creatinine Parameter Assay Kit
(wt/wt) fat, 0.81% (wt/wt) calcium, 1.07% (wt/wt) potassium (R&DSystems Inc., Minneapolis, MN, USRan et al., 2012
0.30% (wt/wt) sodium; and 2.2 1U/g vitamindpand drinking  Serum creatinine was measured with an Enzymatic Creatinine
water was available ad libitum. For all experiments, excepiest Kit (Diazyme Laboratories, Inc. Poway, CA) according t
where noted, 15mM sodium citrate was added to the drinkinghe manufacturers instructions. Serum sodium and hematocri
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were measured with a RAPIDPoint 400/405 System (Siemems none of the experimental perturbations resulted in a sicgt
Healthcare Diagnostics, Deer eld, IL). Urinary calcium waschange in its expression.
measured by a colorimetric assay as befoRan( et al.,
2019 and urinary sodium concentration determined by Sectioning of Tissue for Microscopy
atomic ame spectroscopy as described previouslyr( et al., Kidneys isolated from wild-type or CAll-de cient mice after
2019. water restriction and vasopressin administration were imsien
xed for 3h in 10% formalin and stored in PBS until para n
. S embedding. Embedding was done on a Tissue-Tek Vacuum
Immun_oblottmg and Quantitative In Itration Processor 6 (Sakura Finetek, Torrance, CA, USA)
Real-Time PCR Tissues were sectioned on a HM 355S Automatic Microtome
Aquaporin-2 renal immunoblotting was performed on (Thermo Scienti ¢) microtome at 2.
membrane preparations as previously describ&dn( et al.,
2019. For all other proteins whole tissue lysate was useqmmunohistochemistry
Equal amounts of proteins were loaded and separated Byiaining of PFA- xed paran-embedded tissue was done as
SDS-PAGE and electrotransferred onto Immobilon-P PVDFyreviously described with minor modi cations Alexander
membranes (Millipore Corporation, MA, USA). Membranesegt 5. 2015: Beggs et al., 2D1Bections were rehydrated
were then rinsed in TBS (in mM: 150 NaCl, 50 Tris-HCl,j, xylene followed by a series of graded ethanol before
pH 7.5) and incubated with TBS-TM (TBS containing 0.1%peing subjected to heat-induced antigen retrieval wittheit
(viv) Tween-20 and 5% (w/v) skim milk) for 1h at room 10mM Tris and 0.5mM EGTA buer (pH 9.0). Endogenous
temperature. Membranes were then incubated for 16 h & 4 peroxidase enzymes and free aldehyde groups were blocked
with either goat anti-AQP1, rabbit anti-CAll, mouse anti- using 0.6% HO, and 50mM NHCI in PBS, respectively.
NKCC2 antibodies (DSHB, lowa, USA), or goat-anti-AQP2gections were blocked and then incubated overnight at
antibody (Santa Cruz, Dallas, TX, USA) at 1:1000 in TBS-TMgq ¢ with primary antibody (1% BSA, 1% skimmed milk,
After successive washes with TBS and TBS-T (TBS containigghd 0.1% Triton X-100 in PBS). The following antibodies
0.1% (v/v) Tween-20), the membranes were incubated with @ere used. (1) Rabbit polyclonal antibodies against NKCC2
1:5000 dilution of the appropriate HRP-conjugated secondar¥1:5ooy Sigma-Aldrich, St Louis, MO), (2) Rabbit polyclonal
antibody in TBS-TM for 1h at 20C and then washed further gntibodies against AQP1 (1:300, sc-20810, Santa Cruz). (3)
with TBS-T. Proteins were detected using Western Lightiting rapbit polyclonal antibodies against AQP2 have been preyiousl
Chemiluminescence Reagent Plus (PerkinElmer Las, Inc., Mjescribed (1:1000)imke et al., 200y (4) Phosphorylated-
USA), and visualized with a ChemiDBt Touch imaging System AQP2 (p-AQP2, AN244-pp-AP) an a nity-puried rabbit
(Bio-Rad Laboratories, Mississauga, ON, Canada). Quénéta polyclonal antibody to serine 256 phosphorylated AQP2 has
densitometric analyses were performed using Image Lab (Bi‘b‘reviously been described (1:30D)¢istensen et al., 200
Rad Laboratories, Mississauga, ON, Canada) and beta actifactions were incubated with horseradish peroxidase-gaiu
was use_d as a loading control with all samples normalized to ”§econdary antibodies (DakoCytomation) and visualized gisin
expression. the Liquid DABC Substrate Chromogen System (K3467,
Quantitative real time polymerase chain reaction (QPCR) wagakoCytomation). Finally, sections were counterstaineithw
carried out on whole renal tissue as previousBal et al., hematoxylin, dehydrated, and mounted using Aguamount
2012; Dimke et al., 2013; Rievaj et al., J0Total mMRNA was  (yWR, Herlev, Denmark). Sections were imaged on a Olympus

Carlsbad, CA, USA) as per the manufacturers instructionsmemprane localization performed with a 40x lens.
Isolated total MRNA was then reverse transcribed into cDNA.

(Foster City, CA, USA). For gPCR, (125 ng of cDNA) was .
used as a template to determine the gene expression of CA'ﬁleCtrc’lyte Concentration of Renal Cortex,

(Cat#: Mm01281788 m1), AQP1 (Cat#: Mmo01326466 _mijnner Stripe of the Outer Medulla and Inner

AQP2 (Cat#: Mm00437575_m1), NKCC2 (Forward: TGCTAAMedulla

TGGAGATGGGATGC, Reverse: CAGGAGAGGCGAATGAAGInterstitial osmolarity was evaluated as previously déscti
AG, Probe: TGGAGTTGTGAAGTTTGGATGGGTGA) and 18S(Trepiccione et al., 20)6Briey cortex, inner stripe of the
ribosomal RNA (Cat#: Mm03928990_g1). A mixture consistingputer medulla or inner medulla was dissected from freshly
of TagMan universal gPCR master mix (Applied Biosystems Indsolated kidneys of either wild-type or CAll-de cient micafter
Foster City, CA, USA), primer, probe, and RNAse free water waseighing, the tissue was dried over night then reweighee.drly
prepared and added to the cDNA in a 384-well plate (Appliedissue was rehydrated in distilled water and then pulverizet wi
Biosystems Inc, Foster City, CA, USA). As an internal controln ultrasonic cleaner (Cat# B-220, Branson Cleaning Equippme
mMRNA levels of the housekeeping gene 18S ribosomal RNA we@ompany, Shelton, Conn, USA). Samples were then diluted in
determined. Expression levels were quanti ed with an ABERri  ddH»O and then urea (kit from QuantiChrom, cat# DIUR-
7900 HT Sequence Detection System (Applied Biosystems IMb)0 as per manufactures instructions) osmolarity, or urinary
Foster City, CA, USA). 18S was chosen for normalization of RN&lectrolytes were determined.
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TABLE 1 | Serum analysis and fractional excretion of Na and Ca2C.
A 404 B 6-
= .
§30_ 0e® . 8 " : . . Wild-Type (n D 6) CAll def (n D 6) P-value
o)
§20- _ﬁ_ _%_ > E.. _lE'_ NaC (mmol/L) 149 1 149 1 0.79
= 104 = e 21 - Ca?C (mmoliL) 2.58 0.12 2.34  0.09 0.23
0 (&) 0 Creatinine (rmol/L) 17 3 16 1 0.38
WT CAIII def WT CAIII def CrCl gni/min) 9 36 114 23 0.70
c D FEna 20 2 2 3 0.48
= 4. * 10- * FEca 84 1.8 70 1.9 0.88
§ 3l e < 8. . = Het (%) 3“1 37 1 0.03
= O P TLI P < Hb (g/dL) 116 02 125 0.4 0.04
Sof et E ] . "
g -~ : 44 ° FE, fractional excretion, CrCl, creatinine clearance, Hct, hematatand Hb, hemoglobin.
o 14 'c.:: :- 3 24
c o S
5w Gor - O WY GAIldef
= WT CAll def e . L .
from their drinking water and collected urine for 6 days.
FIGURE 1 | CAll-de cient mice are polydipsic and polyuric(A) Weight (B) This resulted in a reduction in both urinary bicarbonate
Chow consumed (C) Urine volume in 24 h and(D) Water consumed in excretion and urinary pH in both genotypesigures 2A,B.
wild-type (WT) and CAll de cient mice (CAIl def). *Represenfs< 0.05. Consistent with a mixed primary and distal renal tubular

acidosis the CAll-de cient mice had bicarbonate wasting
and more alkaline urine regardless of being supplemented
with alkali. Importantly, the removal of sodium citrate from
the drinking water failed to restore the urine volume or
gmount of water consumed by CAll-de cient mice to that

Statistical Analysis

Data are presented as meanSEM. Paired or unpaired Student's

t-tests or analysis of variance were carried out to determin ; ) - . .

statistical signi cance as appropriate. Tests were perfornsathu of wild-type anlima_ls kigures ZC’.D' CAI_I-de cient mice are
tgerefore polydipsic and polyuric relative to their wild-type

Prism 6.0b software (Graphpad software Inc., La Jolla, CA), al . . o .
pvalues< 0.05 were considered statistically signi cant. r]|ttermates, ndings consistent with impaired tubular water

reabsorption.
RESULTS. ' o Polyuria in CAll-De cient Mice Does Not
CAlI-De cient Mice Are Polydipsic and Result from Natriuresis or Hypercalciuria
Polyuric Carbonic anhydrase inhibitors such as acetazolamide aek we

In order to asses the potential physiological role of the CAll-diuretics. A proposed mechanism mediating this diuresis is
AQPL1 interaction, we examined water handling in an animathe inhibition of proximal tubular sodium reabsorption, and
model devoid of CAIl. To this end, we employed CAll-de cient a subsequent natriuresis driven osmotic diuresis. In order
mice, which were generated by random mutagenesisnv{s to examine whether urinary sodium excretion resulted in
et al., 1988 These animals lack detectable CAIl in all tissuancreased urine volume and polydipsia in CAll-de cient
examined, including the kidneySpicer et al., 1979 Wild- mice we measured urinary sodium excretiofrigure 3A).
type and CAll-de cient mice were housed in metabolic cageshis was not di erent between CAll-de cient and wild-type
to measure food and water intake and to obtain 24 h urinemice nor was the fractional excretion of sodiunTable 1).
collections. The CAll-de cient mice weighed less than thei Impaired proximal tubule sodium chloride reabsorption might
wild-type littermates, however, consumed an equivalentamo decrease glomerular Itration rate via increased delivery
of chow Figures 1A,B. Surprisingly they drank signi cantly to the macula densa inducing tubuloglomerular feedback,
more water and produced a greater urine volume than wildthereby complicating the interpretation of these results.
type animals Figures 1C,D. When urine volume and water We therefore measured urinary creatinine excretion as a
intake were normalized to the animal's weight this di erencesurrogate marker of glomerular Itration rate and found
was even more pronounced (water intake 0.270.03 vs. it unaltered in the CAll-de cient animals Kigure 3B).
0.38 0.03 mLg 124 h1 and urine output 0.25 0.03 Further, we measured plasma creatinine and calculated
vs. 0.31 0.03 mLg ! 24 h ! wild-type vs. CAIll de cient). creatinine clearance. It was unaltered between genotypes
Consistent with intravascular volume contraction CAll-dient  (Table 1).
mice also had an increased hematocrit and hemoglobin level Increased urinary calcium excretion is associated with
(Table 1). increased urine volume. We therefore measured urine caiciu
In order to exclude that the sodium citrate, supplied to allexcretion and found that it was not increased in the CAII
animals in drinking water from weaning, was not contribugin de cient mice (Figure 30, excluding this as a cause of polyuria.
to this phenotype, we housed both wild-type and CAll-de cientNext we examined urine osmolarity and found that the
mice in metabolic cages for 24h, then removed the alkalCAll-de cient animals had more dilute urine than wild-type
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FIGURE 2 | CAll-de cient mice remain polyuric when not fed alkali(A) Urine
bicarbonate excretion,(B) Urine pH, (C) Urine volume and(D) Water drank in
wild-type and CAll-de cient mice before and for 6 days after reroval of citrate
from the drinking water.

A 10004 B
800 ° " 150 4
B =
g 5 600 i -...- Gf{,‘oo- N
d:,) " 400 4 % % qc,)E) . LT
e | ] e} il )
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FIGURE 3 | CAll-de cient mice display a dilute urine(A) Urinary sodium
excretion, (B) Urinary creatinine excretion(C) Urinary calcium excretion and
(D) Urine osmolarity in wild-type and CAll-de cient mice. *Represnts p <
0.05.

(Figure 3D). This is consistent with a concentration defect
causing polyuria in CAll-de cient mice.

CAlII De cient Mice Have a Urinary

Concentration Defect

In order to assess whether CAll-de cient mice have a urinary
concentration defect, we performed a water deprivation study
To this end, mice were housed in metabolic cages for 24 h with
water to collect a baseline urine sample and were then water
deprived and urine collected over the next 24 h. Consistertt wit
a failure to concentrate their urine, the CAll-de cient anals
had lost more weight at the end of the experiment than wild-type
mice ([Figure 4A). Although the CAll-de cient mice were able

to concentrate their urine, their ability to concentratemained
consistently lower than wild-type micd=igure 4B). After 24 h

of water deprivation, we administered ddAVP and collected
more urine. CAll-de cient mice failed to further increasédir
urine concentration after ddAVP administrationF{gure 40),
excluding a lack of ADH production from mediating the
concentration defect. Thus, CAll-de cient mice have a rena
cause for their urinary concentration defect.

CAll De cient Mice Have Reduced

Medullary Osmolarity

CAIl physically interacts with AQP1 to increase water ux
through the channel \(ilas et al., 201% Both CAIll and
AQP1 are expressed in the TDL where water reabsorption
is necessary to concentrate the medullary interstitium. We
therefore hypothesized that the CAll-de cient mice may have
polyuria and dilute urine as they cannot increase their méatyl
interstitial osmolarity to the same extent as wild-type mice
To test this hypothesis, we measured the osmolarity of the
renal cortex, inner stripe of the outer medulla, and the inner
medulla. We found that the CAIll-de cient mice had a lower
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FIGURE 4 | CAll-de cient mice have a urine concentration defect(A) Weight 0__i; -
and (B) Urine osmolarity post removal of water from the metabolic age in Cortex ISOM M
wild-type and CAll-de cient mice. (C) Urine osmoarity before and after ddAVP
administration to CAll-de cient mice only. *Representp < 0.05. FIGURE 5 | CAll-de cient mice display a dilute medullary interstitium. &nal
cortical (Cortex), inner stripe of the outer medulla (ISOMhéd inner medulla (IM)
(A) Osmolarity, (B) Sodium concentration, (C) Chloride concentration and(D)
Urea concentration. *Representg < 0.05.

inner medullary osmolarity than wild-type animals, yet thber

regions of the kidney were not di erentFjgure 5A). We also

measured the concentration of sodium and chloride and foundCAII De cient Mlce Dlsplay Unaltered
that it was reduced in the inner medulla but not in the other RENAI EXpression of AQP2 and NKCC2 but

regions of the kidney Kigures 5B,G. Finally, we measured Have Increased AQP1 Expression

urea concentration in the di erent regions of the kidney, and CAll is expressed in the kidney in most tubular segments where
in contrast to sodium and chloride, we found no change init physically and functionally interacts with many transpers
urea concentration in the inner medull&igure 5D). Together and channels, including AQP1S¢hwartz, 2002; Vilas et al.,
this data is consistent with reduced water reabsorption ia th 2013. Given the multiple other transport pathways involved in
TDL, leading to a reduced inner medullar concentration andurine concentration, we sought to examine the localizatoml
consequently a reduced ability to concentrate the urine. expression of the transporters involved in urinary concetitra
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As expected, we were unable to detect CAll mRNA or protein i
the CAIll de cient mice Figures 6A-Q. Aquaporin-2 responds
to ADH by tra cking into the apical membrane of principal cells,
where it permits the movement of water into the interstitium,
thereby concentrating the urineN(elsen et al., 1993aThis is
associated with phosphorylation of aquaporin-2 at serine 25
(Christensen et al., 200We were unable to detecta di erence in
expression of either total AQP2 or aquaporin-2 phosphorylate
at serine 256 between wild-type and CAll-de cient mice
(Figures 6A—Q. The sodium chloride cotransporter (NKCC2)
is expressed in the apical membrane of the thick ascendin
limb (Ecelbarger et al., 19pdt mediates the reabsorption of
signi cant sodium and chloride into the medulla, a process
necessary for urinary concentratiomgkahashi et al., 200.0No
di erence was detectable in the expression of NKCC2 eithe
(Figure 6A—0). Aquaporin-1 is expressed along the proximal

tubule and the TDL where it mediates water reabsorption|

Importantly, expression in the TDL is necessary to generate
concentrated inner medulla and therefore to concentrateeir
(Chou et al., 1999 Interestingly whole kidney AQP1 protein
and mMRNA expression was increasétglires 6A—Q. Original
immunoblots for Figure 6A are provided in the Supplemental
Figure.

Finally, we examined the renal localization of transport
proteins involved in urine concentration. To do so, we perfein
immunohistochemistry on kidney sections from wild-type and
CAll-de cient mice after 24 h of water deprivation and ddAVP
administration in order to ensure maximal shuttling into éh

apical membrane of the respective nephron segments. The

concentration defect observed in CAll-de cient mice did tho
appear to result in signi cant alterations in the localizatiof
AQP2 to apical membrane domains in either the inner stripe
of the outer medulla or the inner medulla between groups
(Figures 7A-D. Shuttling of AQP2 into the apical plasma
membrane of principle cells is associated with phosphorylatio
of serine 256 Christensen et al., 20D0We therefore examined
the expression of serine 256 phosphorylated AQP2, and aga
found no di erence in localization between wild-type and CAll-
de cient mice in either the inner stripe of the outer medullamo
in the inner medulla Figures 7E-H.

Next, we examined the localization of NKCC2 in both
wild-type and CAll-de cient mice in the inner stripe of the
outer medulla Figures 8E,l. No marked dierences were
apparent in localization to apical membrane domains betwee
genotypes. Aquaporin-1 localized to apical membrane domain
to a similar extent in both wild-type and CAll-de cient anint&
in both the inner stripe of the outer medulla and in the inner
medulla Figures 8A-D. Given the appropriate localization of
all transporters studied and the phenotype of the CAll-de dien
mice, the most likely explanation for polyuria in the null aréts
is thus reduced water reabsorption from the TDL through AQP1

DISCUSSION

We observed that CAll-de cient mice have polyuria and
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FIGURE 7 | No alterations in Aquaporin-2 localization in CAll de cient iwe. Renal sections from wild-type(A,C,E,G) or CAll-de cient (B,D,F,H) immunostained for
aquaporin-2 (AQP2) A-D or serine 256 phosphorylated aquapm-2 (pAQP2). Representative images from the inner stripe the outer medulla (ISOMJA,B,E,F) and
from the inner medulla (IM{C,D,G,H) are displayed. The scale bar represents 2&M on the low magni cation image and 50mM on the higher magni cation inset
image.

or sodium excretion. CAll-de cient animals instead havéutié  of altered AQP2 expression or localization, this appears to
urine and are not able to concentrate their urine to the samde the direct result of a failure to increase the medullary
extent as wild-type mice when water deprived. In the absenagsmolarity to the same extent as wild-type mice. The medyllar
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FIGURE 8 | Neither NKCC2 nor aquaporin-1 distribution is altered in ClAde cient mice. Renal sections from wild-type(A,C,E) or CAll-de cient mice (B,D,F)
immunostained for aquaporin-1 (AQP1JA-D) or NKCC2 (E,F). Representative images from the inner stripe of the outer nuilla (ISOMXA,B,E,F) and from the inner
medulla(C,D) are displayed. The scale bar represents 26 on the low magni cation image and 50mM on the higher magni cation inset image.

interstitium is concentrated by the counter current muligsl  tubular acidosis is both a result of impaired proton secretion
mechanism, which depends on NaCl reabsorption from the TALin the collecting duct and as shown iRigure 2, a failure to
via NKCC2 Ecelbarger et al., 1996which does not appear reabsorb bicarbonate. The etiology of the respiratory ai&lis
altered in CAll-de cient mice. This process is also dependenproposed to be due to a defect in the ability of red blood cells
on the concentration of urea in the medullary interstitium, to transport carbon dioxide to the lungd.ien and Lai, 1998
which also remains unchanged. Finally water reabsorptiomfr This process is dependent on CAIll mediated catalysis of water
the TDL is also required to generate a concentrated medullargnd carbon dioxide to bicarbonate and a proton in the periphery.
interstitium. This occurs through AQP1. Water ux through The reverse reaction occurs in the lungs, permitting exporati
AQP1 is enhanced via a physical and functional interactiothwi of water, and carbon dioxide. Interestingly the movement of
CAll (Vilas et al., 2015 We therefore propose that in the absenceCO, and water into the red blood cell (and its subsequent
of CAll, water uxthrough AQP1lisreducedinthe TDL, limitop  exit in the lungs) is dependent upon AQP1, whose activity is
the ability to concentrate the interstitium of the renal méi. augmented by CAll {ilas et al., 2015 It is therefore possible
This, in turn, results in the concentration defect observed that altered water ux across the red blood cell membrane

CAll-de cient mice display both a respiratory_{en and Lai, contributes to the respiratory acidosis observed in CAll dert
1999 and renal tubular acidosid_gwis et al., 1998 The renal mice.
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Under conditions of water deprivation, ADH is released frommicroscopy and direct measurements of water and sodium
the pituitary gland. This hormone binds the vasopressin type Zransport across these segments, the phenotype of the CAlI-
receptor (V2R) in the basolateral membrane of collecting ductle cient mice is not in keeping with alterations in the TAL
principal cells signaling the insertion of AQP2 water chasnel or collecting duct concentrating mechanisms. Speci callL
into the apical membrane({lesen and Fenton, 20).7In so transport defects are associated with hypercalciuria andINaC
doing, it permits water to be reabsorbed down its concentrati wasting, which is absent in the CAll-de cient mic€&ifure 3C
gradient back into the circulation. Mutations in both the V2R and Table 1), and de ciencies in the concentrating segments of
and AQP?2 itself result in signi cant polyuria, a disease kmoag  the distal nephron produce severe phenotypes, which should
nephrogenic diabetes insipiduS¢en et al., 1994; Fujiwara et al., not respond to water deprivation or ddAVARQjek et al., 2006;
1995. We examined the localization and expression of AQPXortenoeven et al., 20).3This is unlike what is observed in the
in the kidney and found that it was unaltered between wild-CAll-de cient mice, as these mice respond to water deprivatio
type and CAIl de cient mice. Moreover, the absence of markedset fail to concentrate the urine to the same level as wifukty
alterations in the distribution of both AQP2 to apical member  mice.
domains and alterations in AQP2 phosphorylated at serine 256 The other component necessary to generate a concentrated
is inconsistent with an alteration in this pathway. Furthee inner medulla is the movement of water out of the TDL.
observed increasing urine concentration upon water depiivat This occurs through the AQP1 water channelhou et al.,
that was not further augmented by ddAVP administration to 1999. Indeed, animals lacking AQP1 demonstrate urinary
CAlI-de cient mice. This supports that ADH is made, secretedconcentrating defects similar to what we observe in CAlI-
and can signal normally in the CAll-de cient animals. Fihal de cient mice (Va et al., 1998 In contrast to other genes
although there likely is low levels of CAll expressed in pyiati  required to generate a concentrated medulla, AQP1 expression
cells, where AQP2 is also expressed, AQP2 lacks the motif was altered in CAll-de cient mice. Interestingly AQP1
and others have shown binds CAlVi(as et al., 2013 making expression was increased in CAll-de cient mice. Whethesthi
it unlikely that CAll contributes to water reabsorption frothe  increase was speci c to either the proximal tubule or TDL was
collecting duct. not readily apparent. However, given reduced inner medullary

In order for water to be reabsorbed from the collecting duct,osmolarity, urinary sodium and chloride concentration,igh
it must have a driving force. This is provided by an increaseduggests that AQP1 was not as e ective at transporting water
osmolarity of the interstitium in the renal medulla. Urea is ainto the medullary interstitium in CAll-de cient mice relate to
signi cant solute contributing to the osmolarity of the meltary  wild-type animals.
interstitium. However, medullary urea concentration wast n Why aquaporin-1 expression is increased in CAll mice is not
di erent between wild-type and CAll-de cient mice. Transport clear. AQP1 expression is increased by hypertonitityénishi
of NaCl out of the thick ascending limb of the loop of Henlelsa and Schrier, 2003 Given a reduced medullary osmolarity in
necessary to generate an increased osmolarity in the megullathese animals, this is unlikely the mechanism. Aquaporin-1
interstitium. This is highlighted by polyuria and polyhydramos  expression is induced by corticosteroidki{g et al., 1996;
observed in patients with antenatal Bartter syndrorSe\(berth  Stoenoiu et al., 2003CAll-de cient mice demonstrate multiple
and Schlingmann, 20)1NaCl transport in the thick ascending abnormalities, which may increase their corticosteroiceleand
limb predominantly occurs via NKCC2-mediated uptake at thesubsequently increase renal aquaporin-1 expressiewit et al.,
apical membrane. Although we observed reduced medullar¥988; Lien and Lai, 19%8Alternatively, renin can increase
osmolarity and sodium and chloride concentration in theaquaporin-1 expressiorBpuley et al., 2009The CAll-de cient
medulla of the CAll-de cient mice, itis unlikely a defectMaCl mice have a phenotype consistent with volume contraction,
transport in the TAL for three reasons. First, we did not obser which would increase renin and consequently AQP1 expression.
altered NKCC2 expression or membrane localization. Seaged, In this latter instance increased aquaporin-1 expressionldvba
did not observe increased urinary excretion of solutestheei a response to decreased AQP1 transport capacity in the absence
sodium nor calcium which are a typical manifestation of aekr of CAIll, as we have demonstrated that CAll physically and
NKCC2 transport in the thick ascending limiékahashi et al., functionally interacts with AQP1 to increase water ux thrgl
2000; Seyberth and Schlingmann, 2(Rigure 3Cand Table 1)  the channelYilas et al., 2016 Thus, the absence of CAll would
and thirdly, de ciencies in NKCC2 transport would reduce the decrease AQP1 water permeability in the TDL leading to reduce
osmolality and NaCl concentration in the ISOM, which we didinner medullary osmolarity and a urinary concentrating dsfe
not observe in the CAll-de cient miceKigures 5A-Q. as is evident in CAll-de cient mice. This could cause watesslo

Examination of renal sections immunostained for NKCC2and volume contraction driving renin release that subsexye
and AQP2, as evaluated by immunohistochemistry, revealddcreases aquaporin-1 expression. However, we must emphasize
no marked alterations between wild-type and CAll-de cient this mechanism is purely speculative.
mice. This is consistent with the expression studies. Howeve In conclusion, CAIll de cient mice display polyuria and
to de nitively state that there is no di erence in sub-cellula polydipsia, which is not due to increased urinary sodium or
localization immuno-gold electron microscopy is necessarycalcium excretion. Instead, they display a dilute urine and
Further, immunohistochemical evaluation studies may roéct  impaired urinary concentrating ability that is a consequenta
actual water or sodium transport across a given nephrofiailure to e ectively concentrate the renal medullary intéiam.
segment. However, despite the absence of immuno-gold efectr Given a lack of an alteration in NKCC2 and AQP2 expression
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