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Key point summary 

 

• The cortical collecting duct (CCD) plays an essential role in sodium homeostasis by 

fine-tuning the amount of sodium that is excreted in the urine.  

• Ex vivo, the microperfused CCD reabsorbs sodium in the absence of lumen-to-bath 

concentration gradients.  

• In this study, we show that in the presence of physiological lumen-to-bath 

concentration gradients, and in the absence of endocrine, paracrine, and neural 

regulation, the mouse CCD secretes sodium, which represents a paradigm shift. 

•  This secretion occurs via the paracellular route, as well as a transcellular pathway 

which is energized by apical H+/K+-ATPase type 2 pumps operating as Na+/K+ 

exchangers. 

• The newly identified transcellular secretory pathway represents a physiological 

target for the regulation of sodium handling and for anti-hypertensive therapeutic 

agents. 

 

  



3 
 

ABSTRACT 

In vitro microperfusion experiments have demonstrated that cortical collecting ducts 

(CCDs) reabsorb sodium via principal and type B intercalated cells under sodium-depleted 

conditions and thereby contribute to sodium and blood pressure homeostasis. However, 

these experiments were performed in the absence of the transepithelial ion 

concentration gradients that prevail in vivo and determine paracellular transport. This 

study aimed to characterize Na+, K+, and Cl- fluxes in the mouse CCD in the presence of 

physiological transepithelial concentration gradients. For this purpose we combined in 

vitro measurements of ion fluxes across microperfused CCDs of sodium-depleted mice 

with the predictions of a mathematical model. When NaCl transport was inhibited in all 

cells, CCDs secreted Na+ and reabsorbed K+; Cl- transport was negligible. Removing 

inhibitors of type A and B intercalated cells increased Na+ secretion in wild-type (WT) 

mice but not in H+/K+-ATPase type 2 (HKA2) knock-out mice. Further inhibition of 

basolateral NaCl entry via the Na+-K+-2Cl- cotransporter in type A intercalated cells 

reduced Na+ secretion in WT mice to the levels observed in HKA2-/- mice . With no 

inhibitors, WT mouse CCDs still secreted Na+ and reabsorbed K+. In vivo, HKA2-/- mice 

excreted less Na+ than WT mice after switching to a high-salt diet. Altogether our results 

indicate that type A intercalated cells secrete Na+ via basolateral Na+-K+-2Cl- 

cotransporters in tandem with apical HKA2 pumps. They also suggest that the CCD can 

mediate overall Na+ secretion, and that its ability to reabsorb NaCl in vivo depends on the 

presence of acute regulatory factors. 

Word count: 249.  
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ABBREVIATION LIST 

 

CCD, cortical collecting duct; ENaC, epithelial Na+ channel; HCTZ, hydrochlorothiazide; 

HKA2, H+/K+-ATPase type 2; IMCD, inner medullary collecting duct; NDCBE, Na+-driven Cl-

/HCO3
- exchanger; ROMK, renal outer medullary K+ channel; ΔVte, transepithelial electric 

potential difference. 
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INTRODUCTION 

The urinary excretion of sodium, potassium, and chloride is fine-tuned in the aldosterone-

sensitive distal nephron, which consists of the distal convoluted tubule, the connecting 

tubule, and the collecting duct. Results based on the microperfusion technique have 

shown that the cortical collecting duct (CCD) mediates NaCl reabsorption in response to 

aldosterone or sodium depletion. The CCD epithelium consists of principal cells and 

intercalated cells; the latter are subdivided into type A, type B, and non-A non-B. Until 

recently, sodium reabsorption in the CCD was thought to be mediated exclusively by 

principal cells, via the amiloride-sensitive epithelial Na+ channel (ENaC) on the apical side 

and Na+/K+ ATPase on the basolateral side. In 1990, Terada and Knepper identified an 

additional, thiazide-sensitive NaCl transport pathway in the rat CCD (Terada & Knepper, 

1990).  Several groups subsequently characterized this pathway in the mouse CCD. Wall 

and coworkers first showed that Cl- reabsorption is abolished in mice lacking the apical Cl-

/HCO3
- exchanger pendrin (slc26a4) (Wall et al., 2004). Eladari and colleagues then 

demonstrated that type B intercalated cells can mediate NaCl reabsorption under the 

concerted action of several transporters, including pendrin, the apical Na+-driven Cl-

/HCO3
- exchanger NDCBE (slc4a8), and the basolateral Na+/HCO3

- cotransporter AE4 

(Slc4a9)(Leviel et al., 2010).They also showed that this NaCl reabsorption is energized by 

the basolateral H-ATPase (Chambrey et al., 2013). 

 

In addition, Wall and coworkers recently showed that following aldosterone 

administration, type A intercalated cells in the CCD of sodium-replete mice express the 

bumetanide-sensitive Na+-K+-2Cl- cotransporter 1 NKCC1 (slc12a2) in the basolateral 

region. They found, moreover, that ENaC inhibition stimulates Cl- secretion through a 

NKCC1-dependent mechanism (Pech et al., 2012). Since NKCC1 carries one Na+ ion and 

one K+ ion together with 2 Cl- ions into the cell, type A cells could also mediate Na+ 

secretion across the CCD, via NKCC1 on the basolateral side and to-be-determined Na+ 

transporters on the apical side. In fact, bumetanide-sensitive Na+ secretion was observed 

in the outer medullary collecting ducts of deoxycorticosterone pivalate (DOCP)-treated 
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rats that were perfused in vitro (Wall & Fischer, 2002), but the underlying pathways were 

not elucidated. 

Since CCDs are not accessible to in vivo micropuncture and microperfusion studies, our 

understanding of their transport function derives from in vitro microperfusion 

experiments. However, ion fluxes across the CCD are usually measured under symmetric 

conditions, that is, with identical solutions in the perfusion solution and the bath, 

whereas in vivo the composition of the tubular fluid entering the CCD differs significantly 

from that of the surrounding interstitium. The luminal concentration of Na+ and Cl- in the 

late superficial distal tubule is 0.2 to 0.5 times that in plasma; conversely, the 

concentration of K+ is 2-4 times greater in the lumen than in the interstitium (Elalouf et 

al., 1984; Beck et al., 1988). The luminal concentration of HCO3
- has been reported as 5 

mM (Buerkert et al., 1983). In the presence of these transepithelial concentration 

gradients, the paracellular pathway should mediate Na+ secretion, thereby 

counterbalancing, at least partly, Na+ reabsorption across principal and type B cells.  

The objective of the present study was to determine the net direction of NaCl transport 

across the CCD under asymmetric conditions as encountered in vivo, and to characterize 

the contribution of each pathway to overall fluxes. For this purpose, we combined 

measurements of ion fluxes across microperfused cortical collecting ducts with the 

predictions of a mathematical model of transepithelial transport across the CCD. 
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METHODS 

 

Ethical approval 

Experimental protocols were approved by the Darwin’s Ethic Committee and the French 

Ministère de la Recherche (Agreement # 2289.01). 

Experimental procedures 

All experiments were performed on male 8-10 week-old mice. A colony of H+/K+-ATPase 

type 2 (HKA2) knockout mice (C57BL/6J background) was obtained from P. Meneton 

(Meneton et al., 1998). Control (WT) mice were either commercial C57BL/6J mice 

(Charles River) or littermate homozygous HKA2+/+ mice; there was no difference between 

these mice and their results were pooled.  All animals were fed a Na+-depleted diet 

(containing 0.11 g of Na+ per kg) for 2 weeks before the microperfusion experiments.  

Microperfusion studies. Mice were killed by cervical dislocation and their right kidney was 

removed. CCDs were microdissected from cortico-medullary rays and microperfused 

under asymmetrical conditions. The bath contained 118 mM NaCl, 23 mM NaHCO3, 1.2 

mM MgSO4, 2 mM K2HPO4, 2 mM calcium lactate, 1 mM sodium citrate, 5.5 mM glucose, 

and 12 mM creatinine, at pH 7.4. The perfused solution contained 74 mM NaCl, 1 mM 

KCl, 2 mM K2HPO4, 5 mM K-gluconate, 5 mM KHCO3, 1.2 mM MgSO4, 2 mM calcium 

lactate, 1 mM sodium citrate, 5.5 mM glucose, and 12 mM creatinine, at pH 7.04. The 

bath and perfusate were continuously gassed with 95% O2/5% CO2 at 37°C. The 

transepithelial voltage difference (ΔVte) was measured via microelectrodes connected 

through an Ag/AgCl half-cell to an electrometer. Measurements were performed during 

the first 90 minutes of perfusion. During 4 periods of 15 minutes each, 30–35 nl of fluid 

were collected. The collection volume was determined under water-saturated mineral oil 

with calibrated volumetric pipettes. Concentrations of Na+, K+ and creatinine were 

determined by HPLC using 26 nl of collected fluid. Concentrations of Cl– were measured 

by microcoulometry on 2 to 3 nl of collected fluid. For each collection period, the flux of 
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ion X per unit length of tubule (JX) was calculated as JX = ([X]p × Vp – [X]c × Vc)/(L × t), where 

[X]p and [X]c are the concentrations of ion X in the perfusate and collectate, respectively; 

Vp and Vc are the perfusion and collection rates, respectively; L is the tubule length; and t 

is the collection time. Vp was calculated as Vp = Vc × [creat]c/[creat]p, where [creat]c and 

[creat]p are the concentrations of creatinine in the collectate and perfusate, respectively. 

For each tubule, ion fluxes were averaged over the 4 collection periods. Microperfusion 

results were analyzed using a one-way ANOVA analysis followed by Bonferroni’s Multiple 

Comparison test (Prism software). 

Metabolic studies. Mice were individually housed in metabolic cages (Techniplast, 

France) with free access to a standard laboratory diet (2.8 g of Na+ /kg; Safe France). After 

three days of acclimatization, 24h urine was collected. The mice were then switched to a 

high sodium diet (3% NaCl solution as drinking water) and urine was collected during the 

next 24h. Urinary creatinine concentrations were determined using an automatic analyzer 

(Konelab 20i; Thermo, France) and urinary Na+ concentration was determined by flame 

photometry (IL943, Instruments laboratory, France). Results were analyzed using a two-

way ANOVA analysis followed by Bonferroni’s Multiple Comparison test (Prism software). 

 

Mathematical model description 

The main Na+, K+, and Cl- transport pathways in the mouse CCD are illustrated in Figure 1. 

In principal cells, the basolateral Na+/K+-ATPase generates the gradients needed to 

sustain Na+ reabsorption via ENaC, as well as K+ secretion via the renal outer medullary K+ 

channel ROMK or K+ recycling via basolateral K+ channels. In type B intercalated cells, as 

proposed by Eladari and colleagues (Chambrey et al., 2013), the net reabsorption of NaCl  

is energized by basolateral v-ATPase pumps. Na+ enters the cell on the apical side via 

NDCBE and exits via AE4 on the basolateral side. The apical uptake of Cl- is mediated by 

the Cl-/HCO3
- exchanger pendrin; a fraction of Cl- is recycled via NDCBE while the 

remainder exits via the basolateral Cl- channel ClC-K2. Note that this scheme assumes 

that AE4, the transport properties of which remain controversial, operates as a Na+-HCO3
- 
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cotransporter, with a Na+:HCO3
- stoichiometry of 1:3 as required for a sodium extruder 

(Boron, 2004). Type A intercalated cells express NKCC1 (Pech et al., 2012), ClC-K2 

(Kobayashi et al., 2001; Nissant et al., 2006), and the K+-Cl- cotransporter KCC4 (Boettger 

et al., 2002) on the basolateral side. At the apical membrane, we assume the presence of 

K+ and Cl- channels, as suggested by Pech et al. (Pech et al., 2012) and discussed below. 

We also assume that Na+ can be extruded apically by H+/K+-ATPase type 2 (HKA2) pumps, 

as described below, since those pumps may extrude Na+ instead of protons in exchange 

for K+ (Grishin et al., 1996; Cougnon et al., 1998; Crambert et al., 2002).  

The mathematical model describes the transepithelial reabsorption or secretion of water 

and solutes along the full length of the CCD, via paracellular and transcellular pathways. It 

is conceptually similar to the rat CCD model developed by Weinstein (Weinstein, 2001), 

with significant differences in morphology and in the presence and/or activity of some 

transporters, as detailed below.  We distinguish 6 compartments: the lumen (denoted by 

the superscript L), principal cells (P), type A (A) and B (B) intercalated cells, the 

extracellular (i.e., lateral) space between cells (E), and the peritubular solution (S). We 

account for the transport of the following solutes in addition to water: Na+, K+, Cl-, HCO3
-, 

H2CO3, CO2, NH3, NH4
+, HPO4

2-, H2PO4
-, and H+. The composition of the luminal fluid is 

specified at the CCD entrance, and that of the peritubular space is fixed. At a given 

position along the tubule (taken to be 1 mm long), the volume, electric potential and 

solute concentrations in the lumen and cells are obtained by solving steady-state 

conservation equations for volume, charge, and mass, respectively. A summary of the 

steady-state conservation equations for volume, charge, and mass, can be found in 

references (Weinstein, 2001; Bonny & Edwards, 2013).  The specific characteristics of this 

mouse CCD model are described below. 

Morphological parameters. The morphological parameters of the mouse CCD are 

determined under ex vivo conditions. Based upon our (unpublished) measurements, the 

outer diameter (Do) is estimated as 51 μm, and the inner diameter (Di) as 27.5 μm; note 

that the latter value is used to normalize by the epithelial surface area. The epithelial 

volume is thus computed as 16.8 μm3/μm2 epithelium (or 16.8x10-4 cm3/cm2 epithelium). 
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Excluding non-A non-B and bipolar cells, the fraction of P, A, and B cells in mouse CCD is 

taken as 71.5 %, 21.5%, and 7.0%, respectively (Kim et al., 1999). In the absence of mouse 

data, we assume that the lateral space represents 10% of epithelial volume, as in rabbits 

(Welling et al., 1981), and that individual cells occupy the same volume under basal 

conditions.  With these hypotheses, the aggregate volume of P, A, and B cells is 

respectively computed as 10.8x10-4, 3.2x10-4, and 1.1x10-4 cm3/cm2 epithelium.  

Membrane surface areas are determined assuming that the cuboidal cells are comprised 

between two co-axial cylinders of diameters Di and Do, there are roughly 4 cells per cross-

section, all cells have the same (axial) height, and the area occupied by tight junctions 

represents 1% of the epithelial surface area, vs. 5% for the basement membrane. 

Examination of cell shape and surface areas in mouse CCDs (unpublished observations) 

suggests that membrane infolding increase basal membrane areas approximately 5-fold, 

and lateral membrane areas 2-fold, in all cell types. Infolding appears to enhance the 

apical membrane area more in intercalated cells (by a factor of ~ 4) than in principal cells 

(by a factor of ~ 2). Morphological parameter values are summarized in Table 1. 

Permeability values. To match our experimental results, the water permeability per unit 

surface area (denoted fP  ) of the principal cell apical membranes is set to 10 μm s-1 in the 

absence of ADH. The  basolateral-to-apical membrane fP ratio as is taken as 3.5  (Harris 

et al., 1991) and the fP  of intercalated cell membranes is assumed to be 1,000 times 

lower than that of corresponding principal cell membranes.  The water permeability  of 

the tight junction is taken as 0.0040 cm3 s-1 per cm2 epithelial area, and that of the 

basement membrane as 1.80 cm3 s-1 per cm2 epithelial area, as in the rat model 

(Weinstein, 2001).  

Solute permeability values are identical to those of the rat CCD model, except for the 

following modifications (recapitulated in Table 2). The background H+ permeability of all 

cell membranes is set to zero. In principal cells, the apical membrane is taken to be 

impermeable to Cl- and HCO3
-, and the basolateral permeability to Cl- is chosen as 
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0.002x10-5 cm s-1. The permeability of ENaC and ROMK are respectively set to 0.67x10-5 

and 2.50x10-5 cm s-1.The apical membrane of A cells includes conductive pathways for K+ 

(0.30x10-5 cm s-1) and Cl- (6.0x10-5 cm s-1), but not to HCO3
-; the A cell basolateral 

permeability to Cl- is set to 0.50x10-5 cm s-1, and that to K+ to 0.125x10-5 cm s-1. Note that 

the contribution of K+ to the basolateral conductance in intercalated cells, thought to be 

small in rabbit CCD (Muto et al., 1990), is more significant in rat CCD (Schlatter & Schafer, 

1988). In B cells, the basolateral permeability to HCO3
- is zero, and HCO3

- exits the cell via 

AE4 instead. Note that, unless otherwise noted, the background permeability to HCO3
- is 

taken as 20% of that to Cl-, and the background permeability to NH4
+ as 20% of that to K+ 

(Weinstein, 2001). The permeabilities of the basement membrane, taken to be the same 

in mice and rats (per cm2 epithelial area), yield a conductance of ~ 1000 mS cm-2. 

Membrane transporters. In contrast to the rat CCD model (Weinstein, 2001), the present 

model incorporates the recently identified transporters mediating Na+ reabsorption 

across B cells, namely NDCBE and AE4. It also includes NKCC1, KCC4, as well as apical K+ 

and Cl- channels in A cells. Conversely, it assumes there are no apical NaCl co-transporters 

in principal cells and no basolateral Cl-/HCO3
- exchangers in B cells. Solute fluxes across 

ClC-K2, NHE1, pendrin, and Na+/K+-ATPase pumps are also formulated differently than in 

the rat model. Corresponding flux expressions are described in the Appendix. Main solute 

permeability values and transporter densities are respectively given in Tables 2 and 3. 
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RESULTS  

We measured solute transport in isolated, microperfused CCDs of Na+-depleted mice; a 

low-sodium diet has been shown to stimulate NaCl reabsorption, whereas the net 

transepithelial fluxes of Na+ and Cl- are insignificant under a normal diet (Leviel et al., 

2010). So as to mimic in vivo conditions, the CCDs were perfused with a hypo-osmotic 

solution (184 mOsm/kg H2O) that contained less Na+, Cl-, and HCO3
-, and more K+ than the 

bath (Buerkert et al., 1983; Elalouf et al., 1984; Beck et al., 1988), as specified above. The 

contribution of the different transcellular and paracellular pathways to net transepithelial 

fluxes was assessed by adding specific inhibitors to the perfusion solution or the bath.  

Characterization of the paracellular pathway 

To assess the contribution of the paracellular route to Na+ and Cl- transport in mouse 

CCDs, we first inhibited NaCl transport across transcellular routes: ENaC and the NDCBE-

pendrin pathway were respectively blocked by infusing amiloride and hydrochlorothiazide 

(HCTZ) in the lumen, and transport pathways in type A intercalated cells were blocked by 

adding Schering 28080 (an inhibitor of H+/K+-ATPase types 1 and 2) to the perfusate and 

bumetanide in the bath. Under these conditions (referred to as the “paracellular” case), 

as shown in Figure 2A-D, the CCD secreted Na+ (JNa = - 16.8 ± 0.8 pmol/min/mm; n = 5) 

whereas the Cl- flux was negligible (JCl = - 3.4 ± 2.4 pmol/min/mm); the transepithelial 

voltage (denoted ΔVte) was – 12.8 ± 1.8 mV. By fitting the parameters of our 

mathematical model to these flux and voltage values, we estimated the permeabilities of 

the paracellular pathway to Na+ and Cl- as 0.35x10-5 and 0.42x10-5 cm s-1, respectively. 

These values are consistent with the Cl-:Na+ permeability ratio of 1.2 measured in rat CCD 

(Schafer & Troutman, 1990). We should nevertheless recognize that there is some 

uncertainty in our Cl- permeability estimate because the measured paracellular Cl- flux is 

small, due to the counterbalancing effects of the transepithelial electric potential 

difference and the Cl- concentration gradient, and experimental variations are thus large 

in relative terms. As shown in Figure 3, the model predicts that owing to these 
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counteracting effects, the Cl- flux across the tight junction changes direction along the 

CCD. 

Under the same conditions, the CCD reabsorbed K+ (JK = 16.3 ± 2.5 pmol/min/mm, Fig 2C). 

The cocktail of inhibitors that we used does not necessarily abolish all transcellular K+ 

transport because most cells display apical and basolateral K+ channels. Assuming an 

intracellular concentration of K+ of 140 mM, our model predicts that in the presence of 15 

mM and 4 mM of potassium at the lumen entrance and in the bath respectively, the 

electrochemical gradient of K+ across the apical membrane is favorable to its entry into 

the cell whereas that across the basolateral membrane is favorable to its exit (Figure 3). 

Our model predictions matched K+ flux measurements well assuming that the K+ 

permeability of the paracellular pathway is three times that of Na+ (i.e.,  1.05x10-5 cm s-1), 

as previously reported in rats treated with desoxycorticosterone (29) . 

The tight junctional conductance (GTJ) of the mouse CCD was then computed as 3.3 mS 

cm-2, which is similar to reported values for the rabbit CCD (Stoner et al., 1974; Koeppen 

& Giebisch, 1985). Two other studies of mouse CCD reported larger transepithelial 

conductance values (GT ~ 10 mS cm-2), but they did not distinguish between paracellular 

and transcellular pathways (Lehrmann et al., 2002; Pech et al., 2007). In rats treated with 

DOCA, GTJ was determined as 11 to 13 mS cm-2 ; note, however, that a model of the rat 

CCD had to assume a much lower conductance (i.e., 5 mS cm-2) to avoid unrealistic 

backflux values (Weinstein, 2001). 

Contribution of principal cells 

To estimate transport rates across principal cells, we then measured ion fluxes in the 

presence of HCTZ, Schering 28080, and bumetanide, but in the absence of amiloride 

(conditions referred to as “paracellular + PC”). Under the same asymmetric conditions as 

above, removal of amiloride abolished sodium secretion (JNa = -4.6 ± 2.2 pmol/min/mm - 

n = 5; p < 0.05; Fig 2A) but did not significantly alter chloride and potassium fluxes (JCl = - 

0.4 ± 1.4 pmol/min/mm; JK = 14.2± 1.6 pmol/min/mm; Fig 2B-C), nor the electric potential 

difference (ΔVte = -18.3 ± 4.7 mV; Fig 2D). In other words, Na+ reabsorption across 
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principal cells approximately counterbalanced Na+ secretion via the paracellular route 

under asymmetric conditions. 

Sodium secretion in the presence of amiloride 

Conversely, we assessed the contribution of intercalated cells by measuring fluxes in the 

presence of amiloride only, under the same asymmetric conditions (the “paracellular + 

IC” case). Compared with the “paracellular” case, removing the inhibitors of transport 

pathways in type A and type B intercalated cells increased the secretion of Na+ (JNa = - 

32.7 ± 4.7 pmol/min/mm, n = 9, p<0.01, Fig 2A) as well as the reabsorption of K+ (JK = 22.1 

± 1.5 pmol/min/mm; p<0.01; Fig 2C), without altering significantly Cl- fluxes (JCl = - 7.8 ± 

3.8 pmol/min/mm) nor the transepithelial voltage (ΔVte = -8.8 ± 2.2 mV). These results, 

summarized in Table 4, indicate that type A and/or type B intercalated cells mediate Na+ 

secretion and K+ reabsorption.  

Sodium secretion in the presence of bumetanide and amiloride 

According to our hypothesis (see Introduction), type A intercalated cells could secrete Na+ 

by mediating the basolateral entry of Na+ and Cl- along with K+ via the NKCC1 

cotransporter. To confirm the involvement of type A intercalated cells in Na+ secretion, 

we evaluated the effect of adding bumetanide to the bath. In the presence of both 

amiloride and bumetanide, the secretion of Na+ was significantly attenuated (JNa = - 18.4 ± 

1.8 pmol/min/mm; p<0.05; n = 5; Fig 4A) compared to that in the presence of amiloride 

only, and the secretion of Cl- was abolished (JCl = 1.4 ± 1.8 pmol/min/mm) but was not 

significantly different from that measured in the presence of amiloride only (Fig 4B). The 

addition of bumetamide in the presence of amiloride did not affect K+ reabsorption nor 

the transepithelial voltage (Fig 4C-D). These results strongly suggest that the secretion of 

Na+ by intercalated cells originates from type A intercalated cells and is mediated by 

NKCC1 at the basolateral membrane.  

As predicted by the model, the addition of bumetanide (in the presence of amiloride) has 

only a small impact on K+ reabsorption across type A cells because of compensatory 
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mechanisms. NKCC1 inhibition leads to a large reduction in intracellular Na+ and Cl-, which 

down-regulates the activity of apical HKA2 pumps, but this is partially offset by a large 

decrease in apical K+ secretion via K+ channels, as illustrated in Figure 5. 

Role of H+/K+-ATPase type 2 in Na+ secretion 

We next investigated the apical pathways that might support Na+ secretion in type A 

intercalated cells. The existence of Cl- channels at the apical membrane was proposed by 

Pech et al. (Pech et al., 2012), but the mechanisms by which Na+ may be extruded apically 

remain unknown. Our calculations indicate that secondary active Na+ exit is theoretically 

possible via apical Na+-HCO3
- cotransporters and/or NCBDE, both of which would couple 

the extrusion of Na+ to that of HCO3
-. Since the main role of type A cells is to acidify the 

lumen, a secretion scheme involving these transporters is unlikely. Another candidate is 

H+/K+-ATPase type 2 (HKA2), which can pump out Na+ instead of protons in exchange for 

K+ (Grishin et al., 1996; Cougnon et al., 1998; Crambert et al., 2002), and which is 

expressed apically in type A cells in the rat CCD (Wingo et al., 1990; Bastani, 1995).  

To determine whether HKA2 mediates transcellular Na+ secretion, we measured ion 

fluxes across the CCD of HKA2-null mice, under the same asymmetric conditions as above, 

in the presence of amiloride. As shown in Figure 4A, Na+ secretion fluxes in HKA2-null 

mice were significantly attenuated compared to those in wild-type mice under identical 

conditions (JNa = - 17.0 ± 1.5 pmol/min/mm; n = 6; p<0.01) and were similar to those 

measured in the presence of bumetanide in WT mouse CCDs. Cl- and K+ fluxes, as well as 

the transepithelial voltage, were not modified in HKA2-null mice (Fig 4B-D). These results 

demonstrate the involvement of H+(Na+)/K+-ATPase type 2 in apical Na+ exit in type A 

intercalated cells. 

Sodium transport in the absence of inhibitors 

We used the previous results to calibrate the mathematical model, specifically to 

estimate the density of the transcellular transporters of Na+, K+, and Cl- (Table 3). We 

then predicted net transepithelial fluxes under asymmetric conditions in the absence of 

inhibitors (Figure 6). Assuming a perfusion rate of 2.0 nl/min and a fixed tubular length of 
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1 mm, the predicted fluxes of Na+, Cl-, and K+ were respectively equal to -11.4, 3.1, and 

12.3 pmol/min/mm. Subsequent measurements of these fluxes in vitro yielded good 

agreement between theoretical and experimental values (Figure 7):  the measured fluxes 

of Na+, Cl-, and K+ were respectively – 8.2 ± 1.6, -1.3 ± 1.3, and 12.0 ± 0.9 pmol/min/mm.  

Note that the model predicts that inhibiting apical proton secretion via H+-ATPase has a 

negligible impact on JNa, JK, and JCl (results not shown). 

Physiological relevance of the Na+ secretion pathway 

To assess the physiological relevance of HKA2-mediated Na+ secretion in the collecting 

duct, we measured the renal response to Na+ loading of WT and HKA2-null mice. There 

was no difference in the daily Na+ intake of WT and HKA2-null mice under either a normal 

or a high salt diet (Fig 8A). However, whereas urinary Na+ excretion was similar between 

both strains under normal conditions, one day after the switch from a normal to a high 

salt diet, HKA2-null mice excreted ~ 40% less Na+ than WT mice did (Fig 8B). 
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DISCUSSION 

In this study 1) we demonstrated that  type A intercalated cells of the mouse CCD have 

the ability to avidly secrete Na+, 2) we found that  ex vivo (i.e. in the absence of acute 

regulatory factors) and in the presence of physiological transepithelial concentration 

gradients, the CCD of Na+-depleted mice paradoxically secretes Na+ and reabsorbs K+, and 

3) we developed a mathematical model of ion transport in the mouse CCD that integrates 

the NaCl transport capacity of type A intercalated cells; model predictions fit fairly well 

the measured values of ion fluxes under all the experimental conditions we tested. These 

results raise several questions regarding 1) the mechanism of NaCl secretion in type A 

intercalated cells and its physiological regulation, 2) the differences in ion fluxes observed 

ex vivo between symmetrical and asymmetrical conditions, and 3) the discrepancy 

between the ion fluxes measured ex vivo and those expected to prevail in vivo in CCDs 

from Na+-depleted mice, i.e. NaCl reabsorption in absence of net K+ transport. These 

inter-related questions are addressed below by combining our experimental findings with 

data from the literature and the predictions of our mathematical model. 

Mechanisms and regulation of NaCl secretion by type A intercalated cells 

NaCl secretion across the CCD has been already observed under symmetric conditions 

such as in the presence of amiloride and thiazide (Leviel et al., 2010), or in slc4a8- or 

slc4a9-knock-out mice (Chambrey et al., 2013); since ΔVte is lumen-positive in the 

presence of amiloride and thiazide, the secretion of Na+ cannot occur across the 

paracellular route. Bumetanide-sensitive Na+ secretion has also been reported in the rat 

outer medullary collecting duct (Wall & Fischer, 2002) and inner medullary collecting duct 

(Rocha & Kudo, 1990a). In the rabbit CCD, however, bumetanide does not affect net Na+ 

reabsorption under symmetric conditions (Liu et al., 2011). 

Our flux measurements in WT and HKA2-/- mice strongly suggest that HKA2 mediates 

apical Na+ exit from type A intercalated cells. HKA2 has been localized to the apical 

membrane of type A intercalated cells in the CCD  and shown to be a versatile transporter 
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regarding its cation specificity (for review see reference (Crambert, 2014)). Several 

experimental studies have demonstrated that HKA2 can extrude Na+ instead of H+ 

(Grishin et al., 1996; Cougnon et al., 1998; Crambert et al., 2002), and a recent 

mathematical model of the pump suggests that it mediates mainly Na+/K+ exchange 

under physiological conditions (Nadal-Quiros et al., 2015).  

The physiological pertinence of Na+ secretion across H+/K+-ATPase type 2 pumps was 

demonstrated here by our finding that HKA2-/- mice displayed an impaired ability to 

excrete a sodium load. In other words, HKA2 pumps play a significant role in excreting 

excess Na+ following sodium loading.  

 

The secretion of chloride across type A intercalated cells in mouse CCD was demonstrated 

earlier by Wall and colleagues (Pech et al., 2012). In the present study, there was a similar 

tendency for Cl- secretion across type A cells but it did not reach statistical significance. 

The apical pathways mediating the secretion of Cl- in type A cells remain to be 

characterized. The contribution of Cl- to the apical membrane resistance in intercalated 

cells appears to be small, at least in rat CCD (Schlatter & Schafer, 1988). However, the 

study of Pech et al. indicates that the apical Cl- flux across type A cells is modulated by the 

transepithelial voltage (Pech et al., 2012), suggesting that it is mediated by an 

electrogenic transporter. One candidate is Slc26a11, an anion transporter that co-

localizes with the vacuolar H+-ATPase in the mouse CCD (in particular at the apical 

membrane of type A cells) and regulates its activity (Xu et al., 2011). Slc26a11 was shown 

to operate both as a Cl- channel and as a Cl-/HCO3
- exchanger in heterologous expression 

systems (Xu et al., 2011). Its functional role in vivo has not been examined. Another, less 

likely, candidate is the cystic fibrosis transmembrane conductance regulator (CFTR), 

which forms apical Cl- channels in cultures of principal cells from the mouse collecting 

duct (Lu et al., 2010). Whether it is also expressed by intercalated cells remains unclear. 

Moreover, Pech et al. (Pech et al., 2012) found that CFTR inhibition did not affect 

benzamil-sensitive Cl- fluxes in microperfused CCDs. As illustrated in Figure 6, our model 

confirms that a two-step mechanism of NaCl secretion in type A cells involving basolateral 
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NaCl entry via NKCC1 and Na+ and Cl- apical exit via HKA2 and chloride channels, 

respectively, is thermodynamically feasible. According to this model, type A cells also 

reabsorb K+ under asymmetrical conditions. Alternatively, apical Cl- secretion in type A 

cells could be mediated by a cotransporter such as KCC; a chloride-dependent potassium 

flux has been described in rabbit CCD (Wingo, 1989). Model predictions were very similar 

when we replaced the apical K+ and Cl- channels with an apical KCC cotransporter (results 

not shown).  

The existence of a NaCl secreting pathway in the CCD suggests that this nephron segment 

might be a target of natriuretic hormones such as atrial natriuretic factor (ANF) and 

guanylin peptides (Sindic & Schlatter, 2007) and of their common second messenger 

cyclic GMP. Classically, ANF is thought to exert natriuretic effects through inhibition of 

ENaC and nucleotide-gated channels in the inner medullary collecting duct (IMCD) (Theilig 

& Wu, 2015). However, the ANF receptor guanylyl cyclase A has been found in the 

intercalated cells of rat CCDs (Hirsch et al., 2001), and  in microperfused rat IMCDs, ANF 

not only reduces sodium reabsorption but also increases the furosemide-sensitive 

secretion of NaCl by the Na-K-Cl cotransport system (Rocha & Kudo, 1990b). Thus, ANF 

might also be natriuretic by stimulating NaCl secretion through type A intercalated cells in 

the CCD. This conclusion is consistent with the only available studies in CCDs which show 

that  ANF reduces net sodium transport (Nonoguchi et al., 1989) but has no effect on the 

lumen-to-bath Na+ flux (Rouch et al., 1991; Schlatter et al., 1996).  

Differences in ion fluxes between symmetrical and asymmetrical conditions 

When CCDs from Na+-depleted mice are microperfused under symmetric conditions, JNa,   

JCl and JK are, respectively, on the order of 35, 15 and -5 pmol/min/mm in the absence of 

inhibitors (Leviel et al., 2010). All else being equal, our mathematical model predicts that 

under symmetric conditions these fluxes would be approximately 24, 3 and -6 

pmol/min/mm respectively (Table 5). This indicates that abolishing the ion concentration 

gradients and/or hypo-osmolality of the apical fluid augments substantially the net 

reabsorption of chloride and sodium. 
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Data from the literature show that the paracellular permeability of the tight junction to 

Na+ and Cl- is decreased two-fold in symmetric conditions as compared to apical 

hypotonic conditions (Tokuda et al., 2008), likely in response to inhibition of with-no-

lysine kinase 4 (WNK) (Kahle et al., 2004). Our mathematical model predicts that this 

increases only slightly the net fluxes of Na+ and Cl- (Table 5). 

 Intuitively, one would expect that increasing Cl- reabsorption can be achieved either by 

stimulating ENaC (via its effect on the transepithelial voltage), by stimulating pendrin, or 

by inhibiting NaCl secretion by type A intercalated cells. The model predicts that a slight 

increase in ENaC activity increases Cl- reabsorption through the paracellular pathway via 

its effect on ΔVte but simultaneously increases Na+ reabsorption and K+ secretion. 

Inhibition of transporter activity in type A cells (NKCC1, HKA2 and apical Cl- channels) 

hardly increases Cl- reabsorption up to the observed level and markedly increases Na+ 

reabsorption. It is only when we simulate an increase in pendrin activity that all predicted 

values (Na+, K+, and Cl- fluxes and ΔVte) are close to measured values under symmetric 

conditions (Table 5). This suggests that pendrin activity might be higher under symmetric 

relative to asymmetric conditions. 

The mechanism by which pendrin activity might be inhibited under asymmetric conditions 

remains unknown. In asymmetric conditions, the concentration of Cl- in the cytosol of 

type B intercalated cells is predicted to be significantly higher than under symmetric 

conditions (27.7 vs. 15.7 mM at the tubule mid-point). This might inactivate with-no-

lysine kinase 3 which has been described as a putative chloride-sensing kinase (Pacheco-

Alvarez & Gamba, 2011), and in turn modulate the activity of pendrin.    

Discrepancy between the ion fluxes measured ex vivo and those expected to prevail in 

vivo in CCDs from Na+-depleted mice  

The most puzzling finding of this study is that the CCD of Na+-depleted mice, when 

perfused with a hypo-osmotic solution the composition of which mimics in vivo 

conditions, secretes Na+ and reabsorbs K+.  In that sodium-deprived state, we expected 
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the CCD to mediate net NaCl reabsorption and no K+ transport so as to maintain sodium 

homeostasis and blood pressure without affecting the potassium balance. It is likely that 

the discrepancy between ex vivo and in vivo conditions stems from the absence in the 

former condition of regulatory factors modulating one or several transport pathways.  

The most likely candidate is angiotensin 2, the concentration of which is increased in Na+-

depleted states. Angiotensin 2 is known to stimulate pendrin (Pech et al., 2007) and ENaC 

(Zaika et al., 2013) without altering ROMK activity (Wei et al., 2014). Our model predicts 

that doubling the activity of ENaC and pendrin induces significant NaCl reabsorption 

without K+ secretion under asymmetric conditions (JNa = 15.5, JCl = 20.1, JK = -0.2 

pmol/min/mm). 

 

In conclusion, we found that type A intercalated cells in the mouse cortical collecting duct 

have the capacity to significantly secrete Na+: this secretion is mediated, at least in part, 

by H+/K+-ATPase type 2 pumps on the apical side and by a bumetanide-sensitive pathway 

on the basolateral side. These results demonstrate for the first time that, contrary to the 

classical view, the CCD mediates Na+ secretion in the presence of physiological 

concentration gradients, and that its ability to reabsorb NaCl in vivo is regulated in an 

acute manner by hormonal and neural factors. The capacity of the CCD to simultaneously 

activate reabsorption routes and inhibit secretion pathways, or vice-versa, should allow 

this segment to adapt to a wide range of conditions at a small energetic cost. 
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APPENDIX 

Transepithelial fluxes 

General expressions for water and solute fluxes are given in references (Weinstein, 2001; 

Bonny & Edwards, 2013).  Described below are the fluxes that differ from the rat CCD 

model (Weinstein, 2001). Note that MΨ  is the electric potential in compartment M, 
M
iC is 

the concentration of a given solute i  in M, and 
MN
iJ  is flux of i from compartment M to 

compartment N.  

Coupled transport.  Since the kinetic behavior of NDCBE, AE4 and NKCC1 has not been 

characterized experimentally, we use the non-equilibrium thermodynamics (NET) 

approach to determine solute fluxes across these transporters. The driving force is given 

by the net difference in electrochemical potentials across the membrane, and the flux of 

solute i  is computed as: 

)(,
N
j

M
j

j

MN
ji

MN
i LJ μμ −=         (1) 

where MN
jiL , is a matrix of coefficients that depend on the stoichiometry and expression of 

the transporter, and M
iμ  is the electrochemical potential of solute i  in compartment M: 

M
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M
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M
i FzCRT Ψ+= lnμ        (2) 

The NET formulation was previously used to describe transport across NDCBE in the 

basolateral membrane of the proximal tubule (Weinstein, 1992). In the CCD, NDCBE 

fluxes from the lumen to type B cells are determined as: 
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Similarly, the Na+ and HCO3
- fluxes across AE4, from type B cells to the peritubular 

solution, are calculated as: 
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AE4 fluxes across from type B cells to lateral spaces are obtained by replacing “S” with “E” 

in Eqs. (5-6).  

Using the same approach, NKCC1 fluxes from type A cells to the peritubular solution are 

given by: 
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KCC4. Fluxes across the K+-Cl- cotransporter KCC4 are determined using the kinetic model 

of Weinstein (Weinstein, 2010). The reaction scheme assumes that K+ binds to, and 

unbinds from, the carrier before Cl-, and it accounts for the competitive replacement of K+ 

by NH4
+.  

Pendrin. Corresponding fluxes are computed based upon our kinetic model of Cl-/HCO3
- 

and Cl-/OH- exchange across pendrin (Azroyan et al., 2011; Bonny & Edwards, 2013).  

Basolateral Na+/K+-ATPase. The Na+ and K+ fluxes across Na+/K+-ATPase pumps between 

cell M (M = P, A, B) and the peritubular solution S are calculated as: 
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NaKMS
Na

NaKMS
K JJ −− −= )3/2(        (10) 

The affinity of the pump for sodium ( NaK
NamK , ) is fixed at 16.3 mM (Summa et al., 2004), 

whereas that for potassium increases with the peritubular concentration of Na+ (Strieter 

et al., 1992): 

)50.18/1(1.0,
S
Na

NaK
Km CK +=        (11) 

Luminal H+(Na+)/K+(NH4
+)-ATPase. The non-gastric (or colonic, type 2) H+/K+-ATPase has 

been shown to mediate the exchange of Na+ and K+. As observed in vitro and in vivo, 

there is competitive binding between Na+ and H+ on the cytosolic side, and between K+ 

and NH4
+ on the luminal side. The fluxes of K+, H+, Na+ and NH4

+ across H +/K+-ATPase type 

2 are determined using the recent kinetic model of the pump developed by Marcano and 

colleagues, assuming a 2H+:2K+-per ATP stoichiometry (Nadal-Quiros et al., 2015).  

CLC-K2. The permeability of ClC-K2 in intercalated cells is taken to decrease with 

intracellular acidification (Lourdel et al., 2003) and determined as: 

0.88.6)]40.7(1.2exp[*2 ≤≤−= MMClCK
Cl

ClCK
Cl pHpHhh  M = A, B 

           (12) 

where *ClCK
Clh  is the ClC-K2 permeability to Cl- at pHi = 7.40, respectively taken as 0.50x10-5 

and 0.40x10-5 cm s-1 in type A and B cells. 

NHE1. The basolateral membrane of principal cells expresses the Na+/H+ exchanger 

isoform NHE1 (Biemesderfer et al., 1992). NHE1 fluxes are calculated using the parallel 

coupling model of Fuster et al. (Fuster et al., 2008).  
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Table 1 

Morphometric parameters of the mouse CCD 

 Principal cells Type A cells Type B cells Lateral 
interspace 

Volume (x10-4 
cm3/cm2 epith) 

10.79 3.25 1.06 1.68 

Apical membrane 
area (cm2/cm2 epith) 

1.42 0.85 0.277 0.01 

Lateral membrane 
area (cm2/cm2 epith) 

10.04 1.36 0.443  

Basal membrane 
area (cm2/cm2 epith) 

6.56 1.97 0.643 0.05 

The reference epithelial surface area is based upon the inner diameter of the lumen. 

 

Table 2 

Solute permeabilities of the mouse CCD 

 Principal cells 
(x10-5 cm.s-1) 

Type A cells
(x10-5 cm.s -1) 

Type B cells
(x10-5 cm.s-1) 

Paracellular 
pathway 

(x10-5 cm.s-1) 
 apical basolat apical basolat apical basolat  
Na+  0.67 0 0 0 0 0 0.35 
K+  2.50 0.60 0.3 0.125 0 0.015 1.05 
Cl- 0 0.002 6 0.50 0 0.40 0.42 
HCO3

- 0 0.0004 0 0.10 0 0 0.084 
“Apical” and “basolat” denote the apical and basolateral membranes of each cell type. 

Basolateral chloride permeability values correspond to pHi = 7.40 (see Equation 12). 
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Table 3 

Mouse CCD transporter density or maximum rate 

 Principal cell Type A cell Type B cell
Na+/K+-ATPase 510x10-9  

mmol s-1 cm-2 

(basolateral) 

75x10-9  
mmol s-1 cm-2 
(basolateral) 

75x10-9  
mmol s-1 cm-2 
(basolateral) 

H+-ATPase  100x10-9

mmol cm-2 
(apical) 

5,000x10-9

mmol cm-2 

(basolateral) 
H+/K+-ATPase  3x10-9 mmol cm-2

(gastric,apical) 
70x10-9 mmol cm-2 
(non-gastric,apical) 

6x10-9 mmol cm-2

(gastric,apical) 

Basolateral 
Na+/H+ 

exchangers 

0.2x10-9 mmol cm-2

(NHE1) 
6x10-9

mmol2 J-1 s-1 cm-2  
0.6x10-9

mmol2 J-1 s-1 cm-2 

Basolateral 
Na2HPO4 

cotransporters 

0.20x10-9

mmol2 J-1 s-1 cm-2 
0.08x10-9

mmol2 J-1 s-1 cm-2 
0.08x10-9

mmol2 J-1 s-1 cm-2 

Cl-/HCO3
- 

exchangers 
0.2x10-9

mmol2 J-1 s-1 cm-2 
(basolateral) 

20x10-9 mmol cm-2

(AE1, basolateral) 
0.100x10-9 mmol cm-2

(pendrin, apical) 

KCl cotransporters  0.06x10-9 mmol cm-2

(KCC4, basolateral) 
 

Na(HCO3
-)3 

cotransporters 
 2500x10-9

mmol2 J-1 s-1 cm-2 
(AE4, basolateral) 

Other NaCl 
transport 
pathways 

 60x10-9

mmol2 J-1 s-1 cm-2 
(NKCC1, basolateral) 

400x10-9

mmol2 J-1 s-1 cm-2 
(NDCBE, apical) 

Cortical collecting duct Na+, K+, and Cl- transporter expression was chosen so that model 

predictions approximately match ionic fluxes measured under asymmetric conditions. 
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Table 4 

Measured and calculated fluxes in the mouse CCD under asymmetric conditions 

 

  JNa JCl JK ΔVte 
WT, 
All inhibitors 

Microperfusion 
(n = 5)  

-16.8 ± 0.8 
[-19.2; -14.4] 

-3.4 ± 2.4 
[-10.1; 3.4] 

16.3 ± 2.5 
[9.5; 23.1] 

-12.8 ± 1.8 
[-17.8; -7.9] 

 Model -19.0 
[0 + 0  
+ 0 – 19.0] 

-2.0 
[0 – 2.0  
+ 0 – 0.1] 

17.4 
[15.3 + 0.3  
- 0 + 1.8] 

-16.4 

WT, all 
inhibitors 
except 
amiloride 

Microperfusion 
(n = 5)  

-4.6 ± 2.3 
[-10.9; 1.6] 

-0.4 ± 1.4 
[-4.4; 3.5] 

14.2 ± 1.6 
[9.7; 18.7] 

-18.3 ± 4.7  
[-31.4; -5.2] 

 Model - 2.2  
[24.4 + 0 
+ 0 – 26.6]  

6.7 
[0 + 0.4 
+ 0 + 6.3] 

9.7 
[ 7.6 + 0.5 
+ 0 + 1.6] 

-21.3 

WT, 
Amiloride 

Microperfusion 
(n = 5)  

-32.7 ± 4.7 
[-43.5; -21.9] 
 

-7.8 ± 3.8  
[-16.6; 0.9] 

22.1 ± 1.5 
[18.7; 25.5] 

- 8.8 ± 2.2 
[-14.0; -3.7] 

 Model -30.5 
[0 – 14.9 
+3.5 – 19.1] 

-8.7 
[0 – 16.6 
+ 7.0 + 0.9] 

19.4 
[11.8 + 6.1  
+ 0.1 + 1.4] 

-16.9 

HKA2-/-, 
Amiloride 

Microperfusion 
(n = 6)  

-17.0 ± 1.5 
[-20.9; -13.1] 

-1.6 ± 2.1 
[-7.1; 3.9] 

20.6 ± 0.8 
[18.6; 22.6] 

- 9.0 ± 2.4 
[-15.1; -2.8] 

 Model -16.3 
[0 + 0 
+ 3.4 – 19.7] 

2.4 
[0 – 4.9 
+ 7.0 +0.3] 

16.7 
[15.4 – 0.7 
+ 0.2 + 1.8] 

-16.0 

WT, 
Amiloride + 
bumetanide 

Microperfusion 
(n = 5)  

- 18.4 ± 1.8 
[-23.3 ; -13.4] 

1.4 ± 1.8 
[-3.5 ; 6.3] 

18.4 ± 1.8 
[13.4; 23.3] 

- 13.0 ± 0.8  
[-15.3; -10.6] 

 Model -23.1 
[0 – 9.4 
+3.5 – 17.2] 

0.7 
[0 – 4.4  
+ 7.0 – 1.9] 

21.7 
[11.7 + 8.4 
+ 0.1 + 1.4] 

-16.3 

WT, 
No inhibitors 

Microperfusion  
(n = 14) 

-8.2 ± 1.6 
[-11.6; -4.7] 

-1.3 ± 1.3 
[-4.2; 1.6] 

12.0 ± 0.9 
[10.0; 14.0] 

-20.2± 1.6 
[-23.7; -16.8] 

 Model  - 11.4 
[+25.8 – 14.9 
+ 3.4 – 25.7] 

3.1 
[0 – 9.9  
+ 7.0 + 6.0] 

12.3 
[5.3 + 5.5 
+ 0.1 + 1.4] 

-20.9 
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JNa, JCl, JK: transepithelial fluxes of Na+, Cl-, and K+, in pmol/min/mm (positive flux values 

denote reabsorption, negative flux values denote secretion). ΔVte: transepithelial 

electrical potential difference at the tubule inlet, in mV. Experimental values are given as 

mean ± s.e.m, followed by the 95% confidence interval. Model values denote predictions 

from the mathematical model. The overall flux is the sum of 4 components (shown within 

brackets), namely, the net fluxes across principal cells, type A and type B intercalated 

cells, and the paracellular pathway. “All inhibitors”: amiloride (10-5 M), HCTZ (10-4 M), and 

Schering 28080 (10-3 M) in the lumen, and bumetanide (10-4 M) in the bath.  

  



35 
 

 

Table 5 

Model predictions under symmetric conditions 

 

 JNa JCl JK ΔVte 
Measured values +36.4 ± 3.3 +13.4 ± 2.0 -5.3 ± 1.0 -13.9 ± 2.6 

Predictions      
No adjustment + 24.3 

[37.4 – 14.3 
+ 12.4 – 11.1] 

3.0 
[0 – 6.5  
- 0.7 + 10.2] 

- 6.0 
[- 12.1 + 6.0 
+ 0.1 – 0] 

- 9.1 

NaCl TJ x 0.5 + 26.6 
[35.9 – 14.3 
+ 12.4 – 7.3] 

+ 3.6 
[0 – 2.6  
-0.6 + 6.8] 

- 7.7 
[- 13.3 + 5.6 
+ 0.1 – 0.1] 

- 11.8 

NaCl TJ x 0.5 and  
ENaC x 1.25 

+ 36.8 
[ 48.0 – 14.2 
+12.3 – 9.3] 

+ 9.5 
[0 + 1.6 
-0.6 + 8.5] 

- 11.8 
[- 17.2 + 5.4 
+0.1 – 0.1] 

- 15.5 

NaCl TJ x 0.5 and  
type A cell downregulation 

 + 34.3 
[ 34.4 – 4.0 
+12.3 – 8.4] 

+ 7.8 
[0 + 0.8 
-0.6 + 7.7] 

- 10.8 
[-12.3 + 1.4  
+0.1 – 0.1] 

-12.3 

NaCl TJ x 0.5 and pendrin x 5 + 30.0 
[36.9 – 14.3 
+15.0 – 7.6] 

+ 10.8 
[0 -2.5 
+ 6.5 + 6.8] 

- 8.2 
[-13.7 + 5.6 
+0.1 – 0.2] 

-12.0 

JNa, JCl, JK: transepithelial fluxes of Na+, Cl-, and K+, in pmol/min/mm. ΔVte: transepithelial 

electrical potential difference at the tubule inlet, in mV. Measured values (in italics, mean 

± s.e.m) are taken from Reference (Leviel et al., 2010). Indicated within brackets are the 4 

flux components (i.e., the net fluxes across principal cells, type A and type B intercalated 

cells, and the paracellular pathway). Model predictions assume varying scenarios: NaCl TJ 

x 0.5: the tight junction permeability to Na+ and Cl- is divided by 2; ENaC x 1.25: ENaC 

expression is multiplied by 1.25; pendrin x 5: pendrin expression is multiplied by 5; type A 

cell downregulation: the expression of HKA2, NKCC1 and apical Cl- channels in type A cells 

is reduced by 75%. 
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FIGURE LEGENDS 

 

Figure 1. Representation of principal and intercalated cells in mouse CCD. Shown are the 

main transcellular Na+, K+ and Cl- transporters. The mathematical model accounts for the 

transport of water and 12 solutes along the full length of the tubule. 

 

Figure 2. Measured transepithelial fluxes (in pmol/min/mm) of Na+ (A), Cl- (B), K+ (C) and 

transepithelial voltage difference (D, in mV) in the CCDs of wild-type mice perfused under 

asymmetric conditions, in 3 cases: in the presence of amiloride, hydrochlorothiazide, 

bumetanide, and Schering 28080 (“paracellular”), in the presence of hydrochlorothiazide, 

bumetanide, and Schering 28080 (“paracellular + PC”), or in the presence of amiloride 

only (“paracellular + IC”). Results are shown as individual data and mean ± s.e.m. 

 

Figure 3. Predicted fluxes across paracellular and transcellular pathways under 

asymmetric conditions, in the presence of amiloride, hydrochlorothiazide, bumetanide, 

and Schering 28080. Solute fluxes (in pmol/min/mm) are shown at the CCD inlet (panel A) 

and outlet (panel B), for a 1 mm-long tubule. Prescribed values (i.e., boundary conditions) 

are in italics. Not shown are basolateral Na+/H+ exchangers, basolateral 2Na+-HPO4
2- 

cotransporters, and apical H+/K+-ATPase type 1 pumps. 

 

Figure 4. Measured transepithelial fluxes (in pmol/min/mm) of Na+ (A), Cl- (B), K+ (C) and 

transepithelial voltage difference (D, in mV) in the CCDs of wild-type mice perfused under 

asymmetric conditions, in the presence of amiloride only (WT) or in the presence of 

amiloride and bumetanide (WT+bumetanide), and in the CCDs of HKA2-null mice 

perfused under asymmetric conditions with amiloride (HKA2-KO). Results are shown as 

individual data and mean ± s.e.m. 

 

Figure 5. Predicted fluxes (in pmol/min/mm) at the CCD inlet, under asymmetric 

conditions, with amiloride only (panel A) and with amiloride and bumetanide (panel B). 



37 
 

Not shown are basolateral Na+/H+ exchangers, basolateral 2Na+-HPO4
2- cotransporters, 

and apical H+/K+-ATPase type 1 pumps. 

 

Figure 6. Predicted fluxes (in pmol/min/mm) under asymmetric conditions, without 

inhibitors, at the CCD inlet (panel A) and outlet (panel B). Not shown are basolateral 

Na+/H+ exchangers, basolateral 2Na+-HPO4
2- cotransporters, and apical H+/K+-ATPase type 

1 pumps. 

 

Figure 7. Measured (grey circles) and predicted (white circles) values of Na+, Cl-, K+ fluxes 

(in pmol/min/mm) and of the transepithelial voltage difference (in mV) in the CCDs of 

wild-type mice perfused under asymmetric conditions, in the absence of inhibitors. 

Experimental results are shown as individual data and mean ± IC 95. 

 

Figure 8. Daily Na+ intake (A) and urinary Na+ excretion (B) in WT (white bars) and HKA2-

null mice (black bars) under normal conditions (control) and one day after switching to a 

high salt diet (3% NaCl in drinking water). Results are shown as mean ± s.e.m (n=5). * 

p<0.05. 

 

 
























