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Efficient oxygen utilization in the kidney may be supported by paracellular epithelial transport, a form of passive diffusion
that is driven by preexisting transepithelial electrochemical gradients. Claudins are tight-junction transmembrane proteins
that act as paracellular ion channels in epithelial cells. In the proximal tubule (PT) of the kidney, claudin-2 mediates
paracellular sodium reabsorption. Here, we used murine models to investigate the role of claudin-2 in maintaining energy
efficiency in the kidney. We found that claudin-2–null mice conserve sodium to the same extent as WT mice, even during
profound dietary sodium depletion, as a result of the upregulation of transcellular Na-K-2Cl transport activity in the thick
ascending limb of Henle. We hypothesized that shifting sodium transport to transcellular pathways would lead to
increased whole-kidney oxygen consumption. Indeed, compared with control animals, oxygen consumption in the kidneys
of claudin-2–null mice was markedly increased, resulting in medullary hypoxia. Furthermore, tubular injury in kidneys
subjected to bilateral renal ischemia-reperfusion injury was more severe in the absence of claudin-2. Our results indicate
that paracellular transport in the PT is required for efficient utilization of oxygen in the service of sodium transport. We
speculate that paracellular permeability may have evolved as a general strategy in epithelial tissues to maximize energy
efficiency.
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Introduction
Epithelia are sheets of cells that separate body compartments 
of different compositions and function as physical and chemical 
barriers. For almost a century, it was believed that epithelial cells 
were attached to each other by an impermeable seal that was 
referred to as the “terminal bar.” The introduction of electron 
microscopy in the 1950s led to the description of the intercellular 
junctional complex and tight junctions (1, 2). Shortly thereafter, 
it became apparent, particularly in leaky epithelia, that so-called 
“tight” junctions actually constitute a paracellular pathway 
that allows passive permeability to small ions and macromol-
ecules (3–7). The mainstay of transepithelial transport is clearly 
transcellular transport, which is mediated by transmembrane 
transport proteins at the apical and basolateral plasma mem-
brane. Transmembrane transport proteins are notable for their 
heterogeneity (being encoded by ~1,000 distinct genes) (8, 9), 
substrate specificity, and regulation over a remarkably dynamic 
range of activities by means of gene transcription, translation, 
protein stability, and trafficking. Given the vast capabilities and 
flexibility of transcellular transport, a fundamental and highly 
significant question in biology is: Why did epithelia evolve the 
capability for paracellular transport?

The kidney has certain features that make it a particularly 
good organ system in which to answer this fundamental ques-
tion (10). Although the kidneys receive 25% of the cardiac out-

put, the oxygen tension in kidney tissue is low, ranging from 
10 mmHg in the inner medulla to 40 mmHg in the cortex (11). 
Moreover, unlike all other organs, the kidney cannot enhance 
its oxygenation simply by increasing renal blood flow. Increas-
ing renal blood flow does indeed increase oxygen delivery; 
however, it also increases the glomerular filtration rate (GFR) 
and hence tubule salt transport in parallel through a glomeru-
lotubular balance, and so it simultaneously increases energy 
demand and hence oxygen consumption. Thus, under normal 
conditions, the kidney medulla cannot help but live persistently 
“on the edge of hypoxia.” In this rather tenuous situation, the 
efficiency with which oxygen is utilized by the kidney becomes 
a critical determinant of kidney oxygen tension. Renal oxygen 
consumption is determined primarily by the energy required to 
drive tubular sodium reabsorption (12), which should be theo-
retically predictable. Transcellular transport of Na+ is depen-
dent on the potential energy generated by Na-K-ATPase, which 
uses 1 molecule of ATP to directly drive the transport of 3 Na+ 
ions. Ninety-five percent of ATP in the kidney is generated by 
aerobic respiration (13), which produces 6 molecules of ATP for 
each molecule of O2 consumed. Thus, the ratio of suprabasal 
renal oxygen consumption (QO2) to Na+ reabsorption (TNa) is 
predicted to be 1:18 (mol/mol). Alternative pathways for baso-
lateral Na+ efflux that are indirectly driven by Na-K-ATPase, 
such as the electrogenic Na+-bicarbonate cotransporter in the 
proximal tubule (PT), can increase TNa modestly. However, 
experimentally measured values of QO2/TNa are in the range 
of 1:25 to 1:29 (14–17), indicating that the kidney uses oxygen 
much more efficiently than was expected.
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The tight junction is composed of a complex of multiple 
proteins, of which the claudins are now believed to form the 
paracellular pores or channels (see refs. 24–26 for several recent 
reviews). Claudins are encoded by a family of 27 genes in mam-
mals (27). They are transmembrane proteins with 4 transmem-
brane segments and 2 extracellular domains (28). Claudin-2 is 
highly expressed in the PT, particularly in the late segments (29, 
30) and has been shown in vitro to function as a high-conduc-
tance paracellular Na+ channel (31–33). To determine its in vivo 
function, Muto et al. generated claudin-2–KO mice. In isolated, 
perfused PT S2 segments from these mice, there was a 2.5-fold 
increase in transepithelial resistance (TER), a decrease in the 
Na+/Cl– permeability ratio (PNa/PCl), and a 37% decrease in net 
Na+ reabsorption, demonstrating that claudin-2 plays a major 
role in PT paracellular Na+ transport (34). Schnermann et al. 
subsequently confirmed that these mice have a 23% reduction 
in proximal fluid reabsorption (35). Although it was predicted 
that these mice would exhibit urinary NaCl wasting, this was 
not observed in metabolic balance studies in mice on a normal 
diet, raising the question of what role, if any, claudin-2 plays  
in normal physiology.

It is currently unknown to what extent paracellular transport 
in the PT affects renal O2 utilization in vivo or whether this is 
physiologically important. The ability to ablate PT paracellular 
Na+ transport by gene targeting of claudin-2 in mice afforded us a 
unique opportunity to test this directly. Here, we show that mice 
null for claudin-2 are able to compensate completely for loss of 
paracellular Na+ transport in the PT by upregulating transcellular 
Na+ reabsorption in the thick ascending limb, but at the expense 
of decreased efficiency of O2 utilization, medullary hypoxia, and 
increased susceptibility to ischemic tubular injury. We believe our 
results provide an explanation for why paracellular permeability 
evolved in the kidney.

One explanation that has been proposed for this enhanced 
efficiency of oxygen usage is that the PT leverages the excess 
free energy in solute gradients established by active transcellular 
transport to drive additional, paracellular reabsorption of Na+, Cl–, 
and other solutes in a purely passive manner (i.e., not requiring 
additional energy expenditure) (18, 19). Transcellular reabsorp-
tion of Na+ in the early PT is coupled largely to either HCO3 or 
organic solutes (with a small amount of Cl– reabsorbed by Cl–-base 
exchange). This, together with near-isosmotic water reabsorption, 
produces a luminal fluid that, by the time it reaches the late PT, 
has relatively high concentrations of Cl– and low concentrations of 
HCO3. The late PT is more permeable to Cl– than is HCO3 (PCl/
PHCO3 ranging from 2 to 18; refs. 20, 21). This permits a net pas-
sive reabsorption of Cl–, which is thought to occur via paracellular 
diffusion, and generates a lumen-positive electrical potential (22). 
This voltage, in turn, provides the driving force for passive reab-
sorption of Na+, again presumably via the paracellular pathway. It 
has been estimated that 32% to 64% of superficial PT NaCl reab-
sorption is passive and paracellular (reviewed in ref. 23).

Figure 1. Characterization of claudin-2–KO mice. (A) Quantification of 
whole-kidney mRNA levels of claudin-2 relative to β-actin in claudin-2 
hemizygous KO (–/Y), heterozygous (+/–), and WT (+/Y) mice (n = 6 per 
group). (B) Western blot of whole-kidney lysates probed with mouse anti–
claudin-2 antibody showing a band at the expected size for claudin-2. 
Lower panel shows an immunoblot for β-actin as a loading control. (C) 
Immunolocalization of claudin-2. Frozen sections of mouse kidney were 
double stained with claudin-2 antibody (green) and antibody against ZO-1 
(red), a tight-junction marker. Note the localization of claudin-2 in WT 
kidney to the tight junctions of the PTs (P) but not to the distal tubules 
(D), as well as the faint basolateral staining. In heterozygous mice, PT 
staining was heterogeneous, with claudin-2 absent from some cells 
(arrows) but present in others as a result of lyonization.

Figure 2. Effect of claudin-2 KO on renal Na+ handling. (A) Effect of 
dietary Na+ depletion. Urine Na excretion rate, expressed as the ratio 
of Na to creatinine (Cr) concentration (mean ± SEM, n = 4–5 per group), 
is shown in mice on a normal (0.3%) Na diet (day 1 to day 5), followed 
by a Na+-deficient (0.01%) diet (day 6 to day 9). (B) Furosemide (Fur) 
challenge test. Mice were administered vehicle (Veh) i.p. on the first day 
and furosemide 25 mg/kg on the second day. Urine Na+ excretion after 
furosemide was greater in KO mice than in WT mice. *P < 0.05, by paired 
Student’s t test (n = 7–9 per group).
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distal tubule (claudin-4 and claudin-8). We found no difference in 
the expression or localization of any of these claudins between KO 
and WT mice (Supplemental Figures 6 and 7).

Next, age-matched adult (8-week-old) claudin-2 WT and –KO 
mice were placed in metabolic cages and were fed a control diet with 
normal sodium content (0.3% Na+, 0.8% K) for 5 days. Urine col-
lected daily showed no significant difference in the urine Na+/cre-
atinine concentration ratio between the WT and KO mice (Figure 
2A). After the 5-day acclimatization period, the mice were switched 
to a matched, Na+-deficient diet (<0.01% Na+), and urine Na+ was 
monitored every 8 hours for the first 24 hours and daily thereafter. 
If the KO mice had a defect in their ability to maximally conserve 
Na+, this should have manifested as a transiently higher Na+ excre-
tion rate compared with that of WT mice, one that would return to 
steady-state levels within a few days. To our surprise, we found no 
difference whatsoever (Figure 2A). Like WT mice, claudin-2–KO 
mice were able to fully suppress urinary Na+ excretion by more than 
90%. There was also no difference in blood pressure (BP), mea-
sured by the tail-cuff method using volume pressure recording, or 
in BW (data not shown). This suggests that the salt wasting from 
the PT was completely compensated by increased Na+ reabsorption 
elsewhere in the tubule.

Claudin-2–null mice exhibit lower efficiency of oxygen utiliza-
tion and renal medullary hypoxia. Despite the substantial defect in 
PT paracellular Na+ transport, it is remarkable that claudin-2–KO 
mice are able to maximally conserve Na+, even on a diet of severe 
Na+ restriction. We speculated that this might be due to a com-
pensatory increase in the activity of transcellular Na+ transporters 
further downstream along the nephron. This raises the obvious 
question of what physiological role paracellular transport plays. 
If transcellular transport can completely compensate for paracel-
lular transport, even under the most extreme conditions, does 
this come with any cost to the organism, or is paracellular trans-
port simply a vestigial process? We hypothesized that paracellular 
transport in the PT exists to exploit transtubular electrochemical 
gradients to drive passive transport of NaCl and hence to maxi-
mize the efficiency with which this tubule segment utilizes O2 to 
reabsorb NaCl. Therefore, if the burden of NaCl reabsorption in 
claudin-2–KO mice is shifted distally, our hypothesis predicts that 
these mice will have increased renal O2 consumption.

Results
Claudin-2–null mice retain the ability to maximally conserve Na+. Pre-
vious studies have demonstrated that claudin-2–null mice have 
marked impairment of PT reabsorption of Na+, Cl–, and H2O, yet they 
have no defect in renal Na+ conservation under normal conditions. 
We initially set out to test the hypothesis that claudin-2 contributes a 
reserve capacity to the normal ability of the tubule to reabsorb Na+. 
We predicted that claudin-2 and PT paracellular Na+ transport would 
be superfluous under normal conditions because of compensation, 
presumably by distal, transcellular Na+ transport. However, under 
extreme conditions of salt or extracellular volume depletion, clau-
din-2 would be required to maximally conserve urinary Na+.

To test this hypothesis, we purchased claudin-2–constitutive 
KO mice from the Mutant Mouse Regional Resource Centers and 
bred them onto a pure C57BL/6 background. Claudin-2–null mice 
were born at the expected Mendelian genotype ratios. There was 
no overt phenotype, and they bred normally and survived nor-
mally. Because the claudin-2 gene is on the X chromosome, we 
used male hemizygous mice (–/Y) as the KOs and compared them 
with their male WT littermates (+/Y) for matched controls (WT). 
Quantitative real-time RT-PCR (qRT-PCR) and Western blotting 
confirmed an absent expression of claudin-2 in hemizygous KO 
(–/Y) mice compared with that seen in WT (+/Y) mice (Figure 1, A 
and B). There was an intermediate level of expression of claudin-2 
in heterozygous female (+/–) mice. Immunofluorescence con-
firmed that claudin-2 was expressed and localized in tight junc-
tions in WT mouse kidney PTs in a continuous distribution, but 
was absent from the KO mouse kidneys. Heterozygous kidneys 
showed a discontinuous distribution of claudin-2 in only some of 
the PT cells, presumably due to lyonization (Figure 1C).

The general characterization of claudin-2–KO mice was simi-
lar to that in previous reports (34). The serum concentrations of 
potassium and aldosterone were no different between KO and WT 
mice, whereas kidney renin levels were slightly but significantly 
reduced in the KO mice (Supplemental Figures 3 and 4; supple-
mental material available online with this article; doi:10.1172/
JCI83942DS1). Infusing the mice with hypertonic saline (2% 
NaCl) resulted in a higher urine Na+ excretion rate in claudin-2–
KO mice compared with that detected in WT mice (Supplemental 
Figure 5), as was previously described by Muto et al. (34).

To investigate whether other paracellular transport pathways 
were upregulated to compensate for the lack of claudin-2, we per-
formed qRT-PCR for other claudins expressed in the PT (claudin-
10a and claudin-17), thick ascending limb (claudin-10b, -16, -19), or 

Table 1. Renal hemodynamics and function in anesthetized mice

WT (n = 8) KO (n = 9) P value
GFR (μl/min/g KW 846 ± 40 911 ± 38 0.26
RBF (ml/min/g KW 7.69 ± 0.35 7.72 ± 0.24 0.96
MAP (mmHg) 101.8 ± 3.3 105.1 ± 2.6 0.45
TNa (μmol/min/g KW) 126.9 ± 6.0 138.2 ± 6.3 0.22
QO2 (μmol/min/g KW) 8.06 ± 0.74 14.50 ± 1.55 0.003
TNa/QO2 (mol/mol KW) 16.36 ± 1.31 10.34 ± 1.33 0.007

 

Figure 3. Role of claudin-2 in renal O2 utilization. (A) Relationship between 
TNa and QO2 in individual claudin-2 WT and KO mice, expressed per gram of 
KW. (B) Efficiency of O2 utilization for renal Na+ transport, TNa/QO2, calcu-
lated from the data in A (n = 7 per group). *P < 0.01, by Student’s t test.
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This was repeated weekly in the same set of mice with 3 different 
diuretics: furosemide, an NKCC2 blocker, hydrochlorothiazide 
(HCTZ), an NCC blocker, and benzamil, an ENaC blocker. WT 
mice responded to all 3 diuretics with a brisk natriuresis compared 
with the response observed with vehicle injection. KO mice had 
40% greater natriuresis in response to furosemide than did WT 
mice (Figure 2B), consistent with increased activity of the Na-K-
2Cl cotransporter NKCC2 in the TALH as the primary mechanism 
for compensation. The diuretic response to HCTZ and benzamil 
was also modestly increased, but the difference was not statisti-
cally significant (Supplemental Figure 11).

Claudin-2–null mice are more susceptible to ischemic injury. Since 
claudin-2–null mice exhibit lower efficiency of oxygen utilization 
and renal medullary hypoxia, we hypothesized that claudin-2–null 
kidneys would be more susceptible to kidney injury from oxygen 
and ATP depletion. To test this hypothesis, we subjected WT and 
KO mice to bilateral renal ischemia-reperfusion injury (IRI). As 
shown in Figure 5A and Supplemental Figure 12, the blood urea 
nitrogen (BUN) level increased in both WT and KO mice 24 hours 
and 48 hours after reperfusion. However, the extent of elevation 
at both time points was much higher in KO mice than in WT mice 
(P < 0.005). We hypothesized that the increased susceptibility of 
KO mice to ischemic injury was due to increased activity and hence 
oxygen consumption by NKCC2, so we tested whether pretreat-
ment with furosemide 2 hours before ischemia could prevent inju-
ry. Consistent with this hypothesis, the BUN elevation in KO mice 
24 and 48 hours after reperfusion was ameliorated by furosemide 
(P < 0.01), whereas the diuretic had no effect in WT mice. The plas-
ma creatinine concentration was also significantly higher in KO 
mice compared with that in WT mice at 48 hours following reper-
fusion (1.45 mg/dl vs. 0.33 mg/dl, P < 0.005) and was reduced by 
furosemide pretreatment in KO mice (P < 0.05) but not in WT mice 
(Figure 5B). Kidney injury molecule 1 (KIM-1) is a commonly used 
early marker of kidney injury and correlates positively with the 
degree of renal damage in both acute and chronic injuries (36, 37). 
The mRNA level of Kim1 showed trends that were identical to those 
for BUN and creatinine (Figure 5C), and KIM-1 protein expression 
by IHC showed consistent findings (Supplemental Figure 13).

Morphological studies at 48 hours showed evidence of tubular 
injury (e.g., tubular necrosis, sloughed cells, mitotic figures, and 
luminal casts) that was most readily identified within the S3 seg-
ment of the PT. In WT mice, only a portion of the renal tubules 
(~50%) in the outer medulla showed morphological features of 
ischemic injury such as loss of the brush border, flattening of the 
epithelium, tubular necrosis, and luminal casts, while the renal 

To test this hypothesis, we determined the ratio between 
whole-kidney Na+ reabsorption (TNa) and oxygen consumption 
(QO2) in anesthetized WT and KO mice. TNa was calculated from 
the difference between the filtered load of sodium (GFR, deter-
mined from insulin clearance, multiplied by PNa) and renal Na+ 
excretion (UNaV). QO2 was determined from the renal blood flow 
(RBF) (assessed by para-aminohippurate [PAH] clearance), fac-
tored by the arterial-venous O2 difference. GFR, RBF, and mean 
arterial pressure (MAP) were not different between the groups. TNa 
was also similar between WT and KO mice, whereas QO2 was 80% 
higher in KO mice (P < 0.005)), resulting in a nearly 40% lower 
TNa/QO2 ratio (P < 0.01) in KO mice (Table 1 and Figure 3).

To investigate the effect of this increase in oxygen consump-
tion on intrarenal oxygenation, we measured PO2 in the outer 
medulla and cortex with an O2-sensing microelectrode. In the 
outer medulla, claudin-2–KO kidney exhibited a lower PO2 than 
did WT kidney (P = 0.01), whereas in the cortex, claudin-2–KO 
and WT kidneys had similar PO2 levels (Figure 4). Treatment with 
furosemide increased PO2 levels in the outer medulla of mice of 
both genotypes. However, this increase was 2.7-fold greater in KO 
mice than in WT mice (P < 0.005) (Figure 4C), so that the PO2 level 
after furosemide was no longer significantly different between the 
KO and WT mice (P = 0.068) (Figure 4B). These findings strong-
ly suggest that there may be increased Na-K-2Cl cotransporter 
(NKCC2) activity in the thick ascending limb of Henle (TALH).

Compensatory increase in Na+ reabsorption in the thick ascend-
ing limb of claudin-2–KO mice. To investigate whether there was 
upregulation in the expression of transcellular Na+ transporters, 
we immunoblotted whole-kidney lysates to detect major renal 
tubule transcellular Na+ transport proteins (Supplemental Figure 
8). The protein abundance of total and activated (phosphorylated 
or cleaved, as appropriate) forms of Na-K-ATPase, Na-Cl cotrans-
porter (NCC), NKCC2, and epithelial Na+ channel (ENaC) α, β, 
and γ subunits was no different between WT and KO mice. Total 
Na+/H+ exchanger 3 (NHE3) showed a 23% reduction and phos-
phorylated NHE3 showed a 27% reduction in claudin-2–KO kid-
neys (Supplemental Figure 8), but no difference was detectable by 
immunofluorescence staining (Supplemental Figure 9).

To confirm whether there was a functional increase in the 
activity of NKCC2 in claudin-2–KO mice and to test for increased 
activity of transcellular Na+ transporters in other nephron seg-
ments, we performed a diuretic challenge experiment. Mice were 
given single i.p. injections of vehicle or diuretic on consecutive 
days, and urine was collected over a 4-hour period after each injec-
tion to determine the Na+ excretion rate (Supplemental Figure 10). 

Figure 4. Effect of claudin-2 KO on intrarenal PO2, as 
measured with O2-sensing microelectrodes. (A and B) PO2 in 
kidney cortex (A) and outer medulla (B) at baseline (Ctrl) and 
after treatment with furosemide. *P = 0.01 and **P < 0.001, 
by 2-way ANOVA with simple-effects testing. (C) Change in 
PO2 (ΔPO2) in the outer medulla induced by furosemide (n = 7 
per group). *P < 0.005, by Student’s t test.
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increased oxygen consumption. The mechanism of upregulated 
TALH Na+ reabsorption remains to be determined. Because there 
was no change in expression levels of the major paracellular and 
transcellular transport proteins in claudin-2–KO mice, but there 
was increased natriuresis in response to furosemide, we attribute 
the compensatory increase in Na+ reabsorption to a change in 
the functional activity of NKCC2. Moreover, we found that the 
difference of PO2 before and after furosemide treatment (ΔPO2), 
which represents the amount of O2 consumed by NKCC2 in the 
thick ascending limb, was 2.7-fold greater in claudin-2–KO mice 
(Figure 4C). This provides additional evidence that medullary 
NKCC2 activity is increased. We speculate that this is due to the 
increase in Na+ load delivered to the loop of Henle, particularly to 
the medullary TALH. Studies done more than 40 years ago, either 
by free-flow micropuncture with saline expansion (38) or by 
tubule microperfusion at varying flow rates (39), clearly showed 
that the loop of Henle increases Na+ reabsorption in response to 
the delivered load. More recently, the Cowley and Garvin labora-
tories have shown that an increase in flow to the TALH increases 

cortex was almost completely intact. However, in KO mice, almost 
all the renal tubules (~95%) in the outer medulla exhibited isch-
emic injury, and tubule injury, especially within proximal tubules, 
was also observed in parts of the renal cortex (Figure 6). We grad-
ed the severity of the renal tubular injury by estimating the propor-
tion of the entire kidney area that was involved. The KO kidneys 
had a larger area of injury compared with WT kidneys (P < 0.005). 
Finally, pretreatment with furosemide had no significant effect on 
the severity of injury in WT mice, but significantly ameliorated the 
injury score in KO mice (P = 0.018, Figure 6 and Supplemental Fig-
ure 14). These findings suggest that claudin-2–null mice are more 
susceptible to acute ischemic renal injury and that this is because 
of upregulated NKCC2 activity in the TALH and hence increased 
outer medullary oxygen consumption.

Discussion
Our results show that claudin-2–KO mice compensate for loss 
of paracellular Na+ reabsorption in the PT by upregulating 
thick ascending limb transcellular transport, at the expense of 

Figure 5. Effect of claudin-2 KO on susceptibility to acute renal ischemia. (A) BUN levels at 0, 24, and 48 hours following bilateral renal IRI in claudin-2–
KO mice and their WT littermates, with furosemide or without (control) pretreatment. *P < 0.005 for KO control versus WT control; †P < 0.01 for KO control 
versus KO furosemide; NS, P value was not significant for WT control versus WT furosemide (n = 6–9 per group); 3-way ANOVA with simple-effects test-
ing. (B and C) Plasma creatinine and kidney Kim1 mRNA levels normalized to cyclophilin B (CyPB) 48 hours after IRI. *P < 0.05 and **P < 0.005, by 2-way 
ANOVA with simple-effects testing.

Figure 6. Histological analysis of acute kidney injury. Representative images of PAS-stained WT (A–C) and KO (D–F) kidneys 48 hours after IRI. Panels A 
and D show low-power views (scale bars: 100 μm); panels B and E show high-power views of the cortex; and panels C and F show high-power views of the 
outer medulla. Scale bars: 50 μm. (G) Histological scoring of acute injury, expressed as the percentage of kidney area involved. *P < 0.01 and **P < 0.001, 
by Student’s t test (n = 6–8 per group).
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the generation of superoxide and secondarily reduces the bio-
availability of NO, both of which can stimulate NKCC2 activ-
ity (40–44). An alternative mechanism can also be postulated, 
whereby high tubular flow rates could increase TALH Na+ reab-
sorption, even in the absence of any change in the surface den-
sity and activity of NKCC2. Burg proposed a model in which, if 
the capacity for Na+ reabsorption in the TALH is sufficiently large 
that it is not rate limiting, the luminal Na+ concentration will be 
lowered until it reaches a limiting concentration or “static head” 
(45). In this scenario, increases in the tubular flow rate would 
simply shift the point at which the static head is attained distally 
along the TALH, so that the rate of Na+ reabsorption in the TALH 
will always be equal to the difference between the product of the 
flow rate and the Na+ concentration difference between plasma 
and the lumen at the static head (i.e., Na+ reabsorption will be pro-
portional to the flow rate).

We also found a small decrease in the protein abundance of 
NHE3 in claudin-2–KO kidney. Schnermann et al. reported that 
claudin-2–KO mice had an approximately 23% reduction in the 
single nephron GFR (SNGFR) that was attributed to tubuloglo-
merular feedback (35). It is conceivable that the reduced delivery 
of Na+ to the PT might somehow signal to downregulate NHE3, a 
mechanism that might exist to maintain a glomerulotubular bal-
ance. However, our data (Table 1) and those of Muto et al. (34) 
showed no difference in the whole-kidney GFR between clau-
din-2–KO and WT mice. Alternatively the increased delivery of 
salt from the PT to the macula densa could suppress renin secre-
tion from the juxtaglomerular apparatus, reduce angiotensin II 
levels, and thereby reduce NHE3 expression. Our analysis of the 
renin/angiotensin/aldosterone axis revealed that claudin-2–KO 
mice have a slight reduction in tissue renin expression in the 
kidney, but normal serum aldosterone levels (Supplemental Fig-
ure 4), so it is unclear whether reduced renin is the cause of the 
reduced NHE3 expression.

The shift in burden of Na+ reabsorption from the PT to the 
TALH in claudin-2–KO mice occurs at the expense of increased 
oxygen consumption. Viewed thermodynamically, the free ener-
gy cost of transporting Na+ uphill is dependent on the transtubular 
concentration gradient (specifically, it is proportional to the nega-
tive logarithm of the concentration gradient; ref. 46). Because of 
the large water permeability of the PT, there is almost no detect-
able transtubular concentration gradient for Na+ in this nephron 
segment (47, 48), whereas the tubular fluid/plasma Na+ concen-
tration ratio approaches 0.2–0.4 when measured by micropunc-
ture at the end of the TALH (49). Thus, Na+ reabsorption in the 
TALH necessarily requires more energy and hence greater O2 
consumption than does the same amount of reabsorption occur-
ring in the PT.

The consequence of the increased O2 consumption was that 
the outer medullas of claudin-2–KO mouse kidneys were more 
hypoxic than those of WT mice, even at baseline (Figure 4B). 
There was no change in hypoxia-inducible factor 1 (HIF-1), indi-
cated by a lack of increased HIF-1 protein translocation to the 
nucleus, and no difference in RNA expression of HIF-1–targeted 
genes such as Vegf, Epo, Glut1, and Pgk between WT and KO mice 
(Supplemental Figure 15). There was also no change in ROS (Sup-
plemental Figure 16). Nevertheless, this mild hypoxia reflects a 

serious deficit in the ability of the kidney to reduce O2 consump-
tion to match O2 delivery. This is demonstrated by our finding that 
a modest reduction in O2 delivery, imposed by brief (23 min) renal 
artery clamping, was sufficient to dramatically tip the delicate bal-
ance between O2 delivery and consumption and to greatly increase 
the susceptibility of the KO mice to ischemic tubule injury. When 
furosemide was given to claudin-2–KO mice, there was a 2.7-fold 
greater increase in PO2 in the outer medulla compared with that 
seen in WT mice. Furosemide pretreatment before IRI partially 
alleviated the injury, presumably by inhibiting NKCC2 and hence 
increasing PO2 in the outer medulla. It is conceivable that inherit-
ed or acquired variations in the PT paracellular transport pathway 
in humans might similarly affect the clinical susceptibility to acute 
ischemic kidney injury.

Although claudin-2–KO mice exhibit no salt wasting on either 
a normal or low-salt diet, Muto et al. had previously showed that 
these mice exhibited higher sodium excretion following a hyper-
tonic saline infusion (34), and we have confirmed this in our KO 
mice. Our interpretation of this experiment, however, differs from 
that of Muto et al. The finding that saline-induced natriuresis is 
greater in claudin-2–KO mice than in WT mice demonstrates that 
it is not mediated by changes in paracellular Na+ transport. Brenner 
et al. showed that saline-induced volume expansion reduced 
peritubular oncotic pressure, thus shifting the balance of Starling 
forces to inhibit PT fluid reabsorption (50, 51). To the extent that 
PT water reabsorption is primarily transcellular and mediated by 
aquaporins, we therefore predict that saline expansion should pri-
marily inhibit transcellular transport in the PT, which should be 
similar in claudin-2–KO and WT mice.

How, then, to explain the observation that natriuresis is para-
doxically increased in KO mice? Saline loading, by decreasing 
PT Na+ reabsorption, increases Na+ delivery to the loop of Henle, 
where absolute and fractional Na+ reabsorption is increased, a 
process likely mediated by increased flow. In addition, because in 
this experiment hypertonic saline is used, vasopressin release may 
also contribute by stimulating NKCC2 activity. As we have shown, 
our claudin-2–KO mice were already compensating for decreased 
PT Na+ reabsorption at baseline as a result of increased NKCC2 
activity. We postulate that this NKCC2 activity is already maxi-
mally stimulated. Thus, KO mice are unable to further increase 
TALH Na+ transport to mitigate an even greater Na+ load delivered 
from the PT with hypertonic saline expansion. Hence, KO mice 
exhibit greater diuresis after saline infusion than do WT mice.

Several limitations of the present study deserve mention. 
Because the claudin-2 gene is on the X chromosome, we chose 
to confine our analysis to male WT and KO mice to simplify the 
breeding scheme. Also, our mice had constitutive KO of clau-
din-2. Since claudin-2 is expressed in other transporting epithelia 
and especially in the intestine, it is theoretically possible that an 
absence of claudin-2 in other tissues could explain our findings. 
This is very unlikely, though, because the key experiments, such 
as assays of oxygen consumption, are specifically confined to 
the kidney. Moreover, whereas claudin-2 is expressed through-
out the intestinal epithelium including the villus in infant mice, 
it is confined to the crypts in adults (52). Consistent with this, in 
adult claudin-2–null mice, there was little change in the cation 
permeability of the intestine (25% decrease in PNa compared with 
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WT mice; ref. 52). We therefore believe that in adults, claudin-2 
likely plays a minor role in intestinal Na+ absorption. Our inter-
pretation of the results here is also based on the assumption that 
the renal phenotype of KO mice is due to loss of PT claudin-2. 
However, we (29) and others (30, 53) have shown that claudin-2 
is also highly expressed in the upper portion of the thin descend-
ing limb of long-looped nephrons. The role of this nephron seg-
ment is poorly understood, so the implications of claudin-2 dele-
tion here are unknown.

The findings described here may provide insight into the 
evolutionary purpose of tight junctions. Transport of solutes and 
water by epithelia plays a critical role in the homeostasis of body 
fluid compartments in higher organisms and consumes a substan-
tial amount of energy. Why epithelia evolved to have a leaky para-
cellular pathway is unknown. One possibility is that paracellular 
transport simply adds to the capacity of transcellular transport. 
However, this seems to add unnecessary complexity, since tran-
scellular transport proteins are already so abundant and versatile. 
Here, we found that the defect in paracellular sodium reabsorp-
tion in the PT of the kidney in claudin-2–null mice can be com-
pletely compensated under even the most extreme circumstances 
that could be encountered in vivo (near-zero sodium diet), con-
firming that the contribution of paracellular transport is dispens-
able. The results we report here suggest a more nuanced reason 
for the existence of a paracellular transport pathway, namely that 
it evolved to enhance the efficiency of energy and oxygen utiliza-
tion by the renal tubule epithelium. We show that the cost of los-
ing paracellular transport is increased oxygen consumption, tissue 
hypoxia, and increased susceptibility to ischemic injury. This work 
provides insights into a fundamental metabolic process and may 
have broader significance for epithelial tissues.

Methods
Animals. Mice in which the single coding exon of claudin-2 on the X 
chromosome was replaced by a βGeo/Puro cassette by homologous 
recombination (Supplemental Figure 1) and maintained on a B6;129F2 
segregating background (B6;129S5-Cldn2tm1Lex/Mmcd) were purchased 
from Mutant Mouse Regional Resource Centers and backcrossed for 
10 generations onto the C57BL/6J background. Muto et al. (34) and 
Schnermann et al. (35) also bred their claudin-2–KO mice onto the 
C57BL/6 strain, so our mice share the same genetic background with 
these published models. Supplemental Figure 2 shows the breeding 
strategy used to generate the hemizygous male claudin-2–null mice 
and WT male littermates that were used for these experiments.

Blood and urine studies. Mouse whole blood was collected through 
cardiac puncture, after which blood was left undisturbed at room tem-
perature for 30 minutes to allow it to clot. The clot was then removed 
by centrifugation at 1,000 ×g for 10 minutes in a refrigerated centri-
fuge. Serum potassium and aldosterone were measured via a flame 
photometer (BWB Technologies) and an Aldosterone EIA Kit – Mono-
clonal (Cayman Chemical), respectively. To determine the urine Na+/
creatinine ratio, urine Na+ concentration was measured with a sodium 
ion–sensitive microelectrode and urine creatinine with a colorimetric 
assay kit based on the Jaffe reaction (Cayman Chemical). BUN levels 
were measured in plasma samples using the QuantiChrom Urea Assay 
Kit ( BioAssay Systems) and plasma creatinine levels using an enzy-
matic method (Mouse Creatinine Assay Kit; Crystal Chem).

Low-sodium diet study. Mice were placed in metabolic cages for 9 
days and fed custom purified rodent diets (Teklad; Harlan Laborato-
ries). A control diet containing 0.3% Na+ (TD.120258) was provided 
for the first 5 days and then switched to a Na+-deficient diet containing 
0.01% Na+ (TD.120259) for the next 4 days. Urine was collected daily, 
except on the first day after the switch to the Na+-deficient diet, when 
urine was collected every 8 hours. This was done to capture transient 
changes in the urine Na+ excretion rate prior to attainment of a new 
steady state.

Hypertonic saline challenge. Mice were given 40 ml/kg BW of a 2% 
(wt/vol) sterile NaCl solution via i.p. injection. After the injection, the 
mice were housed in metabolic cages individually for 4 hours for urine 
collection. The urine Na+ concentration was measured as before.

Diuretic challenge experiment. The protocol was modified from that 
described by Ecelbarger et al. (54, 55). As shown in Supplemental Fig-
ure 10, ten-week-old mice were acclimatized for 5 days in metabolic 
cages and then administered single i.p. injections of the following 3 
diuretics and their matching vehicle according to the following sched-
ule: 25 mg/kg BW furosemide (day 2); 1.4 mg/kg BW benzamil (day 
9); and 25 mg/kg BW hydrochlorothiazide (day 16). Immediately after 
each injection of diuretic or vehicle, collection of urine was performed 
over a 4-hour period. Urine Na+ concentration was measured as before.

RNA extraction and qRT-PCR. RNA was extracted from tissue 
homogenate with TRI Reagent (Sigma-Aldrich). First-strand cDNA 
was synthesized using iScript Reverse Transcription Supermix for 
RT-qPCR (Bio-Rad). qRT-PCR was performed using a CFX96 Touch 
Real-Time PCR Detection System and iTaq Universal SYBR Green 
Supermix (Bio-Rad) with the primers indicated in Supplemental Table 
1. Expression levels were normalized to β-actin levels.

Urine MDA assay. Urinary malondialdehyde (MDA) was deter-
mined by measurement of thiobarbituric acid–reactive substances 
(TBARS). Aliquots of 500 μl urine or MDA standards were mixed with 
500 μl thiobarbituric acid (1%, pH 1.5) and boiled for 30 minutes. 
After cooling to room temperature, the absorbance was measured at 
540-nm wavelength with a microplate reader. We also measured the 
absorbance of every urine sample and of thiobarbituric acid (TBA) as 
a blank. The final concentration of MDA was expressed as the differ-
ence between TBARS and blanks in order to diminish the interference 
of urine chromogens (56).

Homogenate preparation and quantitative immunoblotting. Home-
genate preparation and quantitative immunoblotting were performed 
as described previously (57). Briefly, 1 whole kidney from each mouse 
was diced and suspended in 2 ml isolation buffer (5% sorbitol, 0.5 
mM disodium EDTA, and 5 mM histidine-imidazole buffer, pH 7.5, 
with the addition of 167 mM PMSF, 9 μg/ml aprotinin, and 5 μl/ml 
phosphatase inhibitor cocktail [Sigma-Aldrich]). Each sample was 
homogenized for 5 minutes at a low-speed setting with an Ultra-Tur-
rax T25 (IKA-Labortechnik) and then centrifuged at 2,000 ×g for 10 
minutes. Supernatants were retained, and the pellets were rehomog-
enized in another 2 ml isolation buffer, recentrifuged, and pooled 
with the first supernatants. Nuclear and cytosol fractions of claudin-2 
WT and KO kidney lysates were prepared with NE-PER Nuclear and 
Cytoplasmic Extraction Reagents (Thermo Fisher Scientific). Sam-
ples were denatured in SDS-PAGE sample buffer (20 minutes, 60°C), 
resolved by SDS-PAGE, transferred to PVDF membranes (Immobi-
lon-FL; EMD Millipore), blocked with LI-COR blocking buffer, and 
then probed with the primary antibody. To verify uniform loading, 
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Measurement of intrarenal oxygen tension. The intrarenal partial 
pressure of O2 (PO2) was measured with a Clark-type O2 microelec-
trode (OX-10; Unisense) with a tip diameter of 8 to 12 μm, connect-
ed to an ultra-high impedance picoammeter (Unisense). Electrodes 
were inserted into the immobilized kidney of anesthetized mice and 
advanced to the outer or inner cortex (0.5–1.0 μm) or to the outer 
medulla (1.5 μm). The electrodes were stabilized, and PO2 was record-
ed for 2 to 4 minutes.

Bilateral renal IRI model. Eight- to ten-week-old mice were anes-
thetized with xylazine (10 mg/kg i.p.) and ketamine (90–120 mg/
kg i.p.). The kidneys were exposed through flank incisions, and both 
renal pedicles were occluded with microaneurysm clamps (Fine Sci-
ence Tools). The body temperature was maintained between 36.3°C 
and 36.5°C using a rectal temperature probe and thermostatically 
controlled homeothermic blanket system (Harvard Apparatus) set to 
36.5°C. After exactly 23 minutes, the clamps were removed, reper-
fusion of the kidneys was confirmed visually, and the mice were 
sutured closed. The mice were given 0.5 ml warm, sterile 0.9% 
saline s.c. at the end of the operation and before they recovered from 
anesthesia. Blood was collected immediately before and 24 and 48 
hours after the surgery by tail nicking. One kidney from each mouse 
was harvested for RNA isolation and qRT-PCR for Kim1. The other 
kidney was fixed with 4% buffered paraformaldehyde, and paraffin-
embedded sections were stained with Periodic acid-Schiff (PAS) for 
histological scoring. Separate groups of WT and KO mice underwent 
furosemide pretreatment before ischemia-reperfusion surgery. In 
these groups, the mice were administered single i.p. injections of 
25 mg/kg BW furosemide in 0.5 ml total volume of saline 2 hours 
prior to the start of surgery. Furosemide-treated mice were given 1 
ml saline s.c. at the end of surgery.

The method for quantifying acute kidney injury was adapted from 
that previously reported (62). Briefly, kidney images were acquired 
(Spot, v5.0; Diagnostic Instruments) from mid-sagittal sections of 
whole kidneys stained by the PAS method. The total kidney area and 
areas of tubular necrosis were measured using ImageJ 64-bit software 
(NIH) (63). The acute injury index was calculated by dividing the 
injured area by the total area.

Statistics. Statistical analyses were performed with SPSS Statistics 
software, version 22 (IBM). Data are expressed as the mean ± SEM. A 
2-tailed Student’s t test was used to test differences between means 
in 2-group comparisons. ANOVA was used to test for differences in 
multigroup experiments. Mixed-factor ANOVA was used to test the 
between-subjects effect of genotype (WT vs. KO) and the within-sub-
jects effect of diuretics (furosemide vs. vehicle) on the outer medul-
lary pO2. Because a significant (genotype x diuretic) interaction was 
detected, simple-effects analysis was then performed to determine the 
effect of furosemide within each genotype and the effect of genotype 
within vehicle- and furosemide-treated conditions, and the P value 
was multiplied by the number of tests performed within each factor to 
protect against a family-wise type I error due to multiple comparisons 
(an application of Bonferroni’s procedure). Similarly, mixed ANOVA 
followed by simple-effects analysis was used to test the effect of geno-
type on BUN at 0, 24, and 48 hours, as well as serum creatinine, KIM-1 
levels, and kidney injury score at 48 hours after bilateral renal IRI, and 
the effect of furosemide pretreatment versus control within the WT 
and KO mouse groups at each time point. P values of less than 0.05 
were considered significant.

loading gels were run (15 μg per lane) and stained with Coomassie 
blue. Random bands were quantified. The linearity of signal inten-
sity was established by loading 0.5 volumes of each sample on each 
gel and verifying the halving of signal intensity. Equal loading of WT 
and KO kidney protein lysates represented the same percentage of 
whole kidney, since there was no difference in kidney weights (KW) 
between WT and KO mice (Supplemental Figure 17). The antibodies 
used in this study, dilutions, and vendors are listed in Supplemental 
Table 2. The immunoblot signals were quantitated with the Odyssey 
Infrared Imaging System (LI-COR). All comparisons were performed 
on samples run on the same membrane.

Immunofluorescence and immunohistochemical staining. In a sepa-
rate group of WT and claudin-2–KO mice, kidneys were perfusion 
fixed via the heart with 4% paraformaldehyde in PBS. The fixed tis-
sues were cryoprotected by overnight incubation with 30% sucrose 
in PBS, embedded in Tissue-Tek OCT Compound (Sakura Finetek), 
and frozen on dry ice. Cryosections (10-μm thickness) from WT and 
KO animals were sliced and transferred to the same Superfrost Plus–
charged glass slide (Fisher Scientific) for direct side-by-side process-
ing and viewing. For immunofluorescence labeling, the sections were 
rehydrated, washed, and blocked with 1% BSA and 5% goat serum in 
PBS before antibody incubation. All antibodies used for immunostain-
ing (listed in Supplemental Table 3) were diluted in 1% BSA and 5% 
goat serum in PBS. The sections were mounted in Prolong Antifade 
containing DAPI (Invitrogen) and air dried overnight. For immunohis-
tochemical labeling, the sections were rehydrated and heated with a 
microwave oven in 0.01 mol/l citrate buffer, pH 6.0, for 10 minutes 
and blocked with 10% goat serum in PBS at room temperature for 1 
hour. The primary antibody was then added to the sections and incu-
bated overnight at 4°C with 0.2% BSA in PBS. After application of the 
primary antibody, positive staining was detected using an HRP-conju-
gated secondary antibody with a DAB Substrate Kit (Vector Laborato-
ries) for peroxidase staining. The sections were counterstained with 
Harris hematoxylin.

Renal oxygen consumption measurement. The ratio of net tubu-
lar Na+ transport to O2 consumption (TNa/QO2) in the kidney was 
determined using our previously described techniques (58–61). 
Adult mice (~12 weeks of age) were anesthetized with isoflurane. 
The jugular vein, femoral artery, and renal vein were cannulated, 
and urine was collected by suprapubic catheter to monitor the flow 
rate (V) and determine the Na+ concentration (UNa). Warmed 1% 
albumin in 0.154 M NaCl (2% BW) was infused to replace surgical 
blood loss. To determine the GFR and RBF, 14C-inulin and 3H-PAH 
were infused. After a 30-minute equilibration, urine was collected 
over two 30-minute periods, and blood was sampled at the mid-
point of each period for liquid scintillation counting and clearances 
were calculated. At the end of the study, blood was drawn from the 
femoral artery and renal vein for measurement of O2 (AO2 and VO2, 
respectively) in a blood gas analyzer (i-STAT1; Abbott Laboratories) 
and used to calculate total O2 content. TNa is the total kidney trans-
port of Na+ and is equal to filtered Na+ minus excreted Na+: TNa =  
(GFR X PNa) – UNaV. Renal oxygen consumption (QO2) was calculat-
ed by the renal extraction of O2 factored by RBF, where the renal 
extraction of O2 was calculated by the arterial-venous difference. 
Thus, QO2 = RBF X (AO2 – VO2). The efficiency of O2 utilization for 
the transport of Na+ (not corrected for the basal metabolic rate) was 
calculated by the ratio of TNa/QO2.
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