
 

Aging Cell

 

 (2006) 

 

5

 

, pp367–372 Doi: 10.1111/j.1474-9726.2006.00229.x

© 2006 The Authors

 

367

 

Journal compilation © Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2006

 

Blackwell Publishing Ltd

 

Relative contribution of V-H

 

+

 

ATPase and NA

 

+

 

/H

 

+

 

 
exchanger to bicarbonate reabsorption in proximal 
convoluted tubules of old rats

 

Mariana Fiori,

 

1,5

 

 Martín Radrizzani,

 

3,4

 

 Paula 
Díaz-Sylvester,

 

1

 

 Angélica Müller,

 

2

 

 Tomás Corti,

 

1

 

 
Alberto Monserrat

 

5

 

 and Carlos Amorena

 

1

 

1

 

Escuela de Ciencia y Tecnología, Universidad Nacional de Gral. 
San Martín, San Lorenzo 3391, (1650) San Martín, Argentina 

 

2

 

Instituto de Investigaciones Cardiológicas (CONICET), 
Marcelo T. de Alvear 2270, (1122) Buenos Aires, Argentina 

 

3

 

Fundación Instituto Leloir, (IIBBA-CONICET, IIB-FCEN-UBA), 
Patricias Argentinas 435, (1405) Buenos Aires, Argentina 

 

4

 

Centro Nacional de Genética Medica, ANLIS-Dr. Carlos G. 
Malbrán, Las Heras 2670 4

 

°

 

, (1425) Buenos Aires, Argentina 

 

5

 

Centro de Patología Experimental. Departamento de Patología, 
Facultad de Medicina. Universidad de Buenos Aires. J. E. Uriburu 
950 5

 

°

 

, (1114) Buenos Aires, Argentina 

 

Summary

 

With aging, the kidney develops a progressive deteriora-
tion of several structures and functions. Proximal tubular
acidification is impaired in old rats with a decrease in the
activity of brush border Na

 

+

 

/H

 

+

 

 exchange and a fall of
H-ion flux measured with micropuncture experiments.
In the present work we evaluate the contribution of
5-N-ethyl-n-isopropyl amiloride- (EIPA) and bafilomycin-
sensitive bicarbonate flux ( ) in proximal convoluted
tubules of young and aged rats. We performed micropunc-
ture experiments inhibiting the Na

 

+

 

/H

 

+

 

 exchanger with
EIPA (10

  

−−−−

 

4

 

 M) and the V-H

 

+

 

ATPase with bafilomycin (10

  

−−−−

 

6

 

M). We used antibodies against the NHE3 isoform of the
Na

 

+

 

/H

 

+

 

 exchanger and the subunit E of the V-H

 

+

 

ATPase
for detecting by Western blot the abundance of these pro-
teins in brush border membrane vesicles from proximal
convoluted tubules of young and old rats. The abundance
of NHE3 and the V-H

 

+

 

ATPase was similar in 18-month-old
and 3-month-old rats. The bicarbonate flux in old rats was
30% lower than in young rats. EIPA reduced  by 60%
and bafilomycin by 30% in young rats; in contrast, EIPA
reduced  by ∼∼∼∼

 

40% and bafilomycin by ∼∼∼∼

 

50% in old
rats. The  inhibited by bafilomycin was the same
in young and old rats: 0.62 nmol · cm

  

−−−−

 

2

 

 · s

  

−−−−

 

1

 

 and 0.71 nmol
· cm

  

−−−−

 

2

 

 · s

  

−−−−

 

1

 

, respectively. However, the EIPA-sensitive fraction

was larger in young than in old rats: 1.26 nmol · cm

  

−−−−

 

2

 

 · s

  

−−−−

 

1

 

 vs.
0.85 nmol · cm

  

−−−−

 

2

 

 · s

  

−−−−

 

1

 

, respectively. These results suggest that
the component more affected in bicarbonate reabsorp-
tion of proximal convoluted tubules from aged rats is
the Na

 

+

 

-H

 

+

 

 exchanger, probably a NHE isoform different
from NHE3.
Key words: aging; kidney; micropuncture experiments;
Na

 

+

 

/H

 

+

 

 exchange; V-H

 

+

 

-ATPase; Western blot.

 

Introduction

 

As part of the normal aging process, the kidney exhibits a

progressive deterioration in several structures and functions

(Davies & Shock, 1950; Baylis, 1994). Glomerular filtration rate,

renal blood flow and concentrating ability decrease with age

(Papper, 1973; Corman 

 

et al

 

., 1985; Lindeman 

 

et al

 

., 1985;

Lindeman, 1995; Reilly 

 

et al

 

., 1995). Furthermore, morphological

changes appear, which include focal and segmental glomerular

esclerosis and a reduction in the number of functioning glomeruli

(Baylis, 1994). There is down-regulation of the renin-angiotensin

system (RAS) with age, affecting renin mRNA and angiotensin-

converting enzyme levels (Jung 

 

et al

 

., 1995). In addition, renal

hemodynamics in old rats seems to be more dependent on

endothelium-derived relaxing factor (EDRF) than in young rats

(Hill 

 

et al

 

., 1997). Kinsella & Sacktor (1987) found a decrease

of Na

 

+

 

/H

 

+

 

 exchanger activity in brush border membrane vesicles

(BBMV) from the renal cortex of old animals. In a previous work,

we found that proximal tubular acidification is impaired in

old rats, with a decrease in the activity of Na

 

+

 

/H

 

+

 

 exchanger

measured in BBMV and a fall of H-ion flux measured with micro-

puncture experiments (MacLaughlin 

 

et al

 

., 2001). However, we

did not identify what mechanisms were responsible for the

reduction of H-ion flux observed in the proximal tubules of

old rats. Under normal conditions, Na

 

+

 

/H

 

+

 

 exchange accounts

for the major part of the proximal tubular acidification and a

significant fraction (

 

∼

 

30%) is mediated by a V-H

 

+

 

ATPase

(Bank 

 

et al.

 

, 1985; Preisig 

 

et al

 

., 1987; Choi 

 

et al

 

., 2000; Wang

 

et al

 

., 2001). The control of the exchanger is very complex and

depends on many factors including, among others, RAS (Reilly

 

et al

 

., 1995), EDRF (Amorena & Castro, 1997; Manning 

 

et al

 

.,

1997; Wang, 1997), and parathyroid hormone (Bank & Aynedjain,

1976). The V-H

 

+

 

ATPase is an electrogenic proton pump, sensitive

to bafilomycin (Nakhoul & Hamm, 2002), which couples hydrolysis

of cytosolic ATP to proton extrusion out of the cytosol to the

lumen (Nelson & Harvey, 1999).

The aim of the present work is to evaluate the relative

contribution of the Na

 

+

 

/H

 

+

 

 exchanger and the V-H

 

+

 

ATPase to
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proximal convoluted tubule acidification in old compared with

young adult rats.

 

Results

 

Micropuncture experiments

 

Table 1 shows the acidification half times, which is the quotient

between ln2 and the acidification rate constant, the luminal

steady state pH (ssPH) and the bicarbonate flux ( ). As indi-

cated in Experimental procedures, this last value is calculated

from the initial luminal perfusate, minus steady state bicarbo-

nate concentration, multiplied by the acidification rate constant.

As can be observed in the Table 1, all treatments affected mostly

the acidification half times. The  of old rats was 30%

lower than in young rats. EIPA (5-N-ethyl-n-isopropyl amiloride)

reduced  by 60% in 3-month- and 18-month-old rats,

corresponding to a reduction of 1.26 nmol · cm

 

−

 

2

 

 · s

 

−

 

1

 

, and 0.85

nmol · cm

 

−

 

2

 

 · s

 

−

 

1

 

. The  of young and old rats after EIPA

treatment were similar. The drop in  after bafilomycin

treatment was similar in 3-month-old and in 18-month-old rats.

Bafilomycin diminished  0.62 nmol · cm

 

−

 

2

 

 · s

 

−

 

1

 

 in young

rats, corresponding to a 30% reduction and 0.71 nmol · cm

 

−

 

2

 

 · s

 

−

 

1

 

,

representing an approximately 50% reduction in old rats.

The sum of the EIPA-sensitive plus the bafilomycin-sensitive

bicarbonate reabsorption in young rats was 2.36 nmol · cm

 

−

 

2

 

 ·

s

 

−

 

1

 

, 0.24 nmol · cm

 

−

 

2

 

 · s

 

−

 

1

 

 larger than the value measured in

control 3-month-old rats (Fig. 1A). The sum of the EIPA-sensitive

plus the bafilomycin-sensitive  in old rats was 1.36 nmol

· cm

 

−

 

2

 

 · s

 

−

 

1

 

, a value 7% lower than the bicarbonate reabsorption

observed in the control 18-month-old rats (Fig. 1B). The magnitude

of the bafilomycin-sensitive and the EIPA-sensitive component

to proximal convoluted tubule acidification was the same in old

but not in young rats.

 

Western blot experiments

 

Protein corresponding to the NHE3 isoform was detected in

both young and old BBMV with a monoclonal antibody. Quan-

tification of expression was performed using vesicles obtained

from four separate samples of kidneys each taken from three rats.

The purity of brush border membrane fraction was assessed

by measuring the activity of 

 

γ

 

-glutamyl transferase (Orlowsky

& Meister, 1965) and the activity of Na

 

+

 

-K

 

+

 

 ATPase (Pecci 

 

et al

 

.,

1994) in the homogenate and vesicle pellet. Na

 

+

 

-K

 

+

 

 ATPase

activity was not detectable, but the activity of 

 

γ

 

-glutamyl

transferase increased 10-fold in both groups compared with the

original homogenate.

The amount of the Na

 

+

 

/H

 

+

 

 exchanger was the same in aged

rats compared with young rats (Fig. 2). The abundance of the

Table 1 t /2 (0.693/k), sspH (steady state pH) and  (bicarbonate flux) in 

3-month- and 18-month-old rats either untreated (controls), or following 

treatment with 5-N-ethyl-n-isopropyl amiloride (EIPA, 10−4 M) or 

Bafilomycin(10−6 M). Values are means ± SEM

Experimental groups 

(no. of curves) t /2 (s) sspH

 

(nmol cm−2 s−1)

Control 3-month (39) 4.79 ± 0.31 6.89 ± 0.012 2.12 ± 0.16

Control 18-month (41) 7.90 ± 0.61 6.82 ± 0.010 1.46 ± 0.12*

EIPA 3-month (39) 11.27 ± 0.72 6.92 ± 0.010 0.86 ± 0.05*

EIPA 18-month (37) 21.84 ± 1.51 6.81 ± 0.014 0.61 ± 0.05**

Bafilomycin 3-month (43) 6.62 ± 0.56 6.90 ± 0.007 1.50 ± 0.10***

Bafilomycin 18-month (29) 11.38 ± 0.95 6.90 ± 0.008 0.75 ± 0.06**

*P < 0.05 vs. control 3-month-old; **P < 0.05 vs. control 18-month-old; 
***P < 0.05 vs. EIPA 3-month-old.
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Fig. 1 The figure shows the sum percentage of the bicarbonate flux ( ) 
remaining after treatment with bafilomycin (10−6 M) (B) and with EIPA 
(10−4 M) (EIPA) in young (3-month) (A) and old (18-month) (B) rats compared 
with the value observed without treatment (C).

J
HCO3

−

Fig. 2 (A) Western blot developed using an antibody against the NHE3 
isoform of the Na+/H+ exchanger in vesicles of brush border membranes 
of proximal convoluted tubule from young (3-month) and old(18-month) 
rats. NHE3 is visualized at 80 kDa, while the band at 42 kDa is β-actin. 
(B) Densitometric measurements. Data are presented as the ratio of NHE3 
to β-actin protein levels. Values are means ± SEM. Four Blots were made, 
each from a pool of tissues taken from three rats.
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V-H+ATPase was also quantified. The amount of protein was

similar in both young and old rats (Fig. 3).

Discussion

In a previous study we found that aging is accompanied by a

decrease in H-ion flux in BBMVs of proximal convoluted tubule

(MacLaughlin et al., 2001). In the present study we quantify the

participation of the EIPA- and bafilomycin-sensitive components

in the total  of young (3-month-old) and aging (18-month-

old) rats. We used EIPA and bafilomycin as inhibitors of the NHE3

isoform of the Na+/H+ exchanger and the V-H+ATPase, respec-

tively. We confirmed previous results indicating that proximal

tubule acidification is diminished in old rats (MacLaughlin et al.,
2001). We also confirm that a large fraction (∼60%) of bicar-

bonate reabsorption in the rat proximal tubule is dependent on

the operation of an EIPA-sensitive mechanism (Preisig et al.,
1987; Wang et al., 1999, 2001; Bailey, 2004). In agreement

with others (Wang et al., 1999, 2001; Bailey, 2004), we found

a significant component of bicarbonate transport mediated by

the bafilomycin-sensitive V-H+ATPase in the proximal tubules of

both young and old rats.

The bicarbonate reabsorption in proximal convoluted tubules

of 3-month-old rats, either with EIPA or with bafilomycin in the

luminal solution, were, respectively, 60% and 30% lower than

the  measured under control conditions. The bafilomycin-

sensitive acidification was significantly smaller than the EIPA-

sensitive one, showing that normal acidification is carried out

mostly by an EIPA-sensitive mechanism. These results concur

with data on bicarbonate reabsorption obtained with a similar

experimental approach (Bailey, 2004). In NHE3–/– mice, bicarbonate

reabsorption is reduced 50–60% (Schultheis et al., 1998), a

figure close to that reported in the present work. It is possible

that the NHE3 isoform represents the main component affected

by EIPA, since it has been reported that the NHE2 contribution

to proximal acidification is negligible (Wang et al., 1999; Choi

et al., 2000; Wang et al., 2001), although a Na+-dependent

EIPA-sensitive proton transport mechanism, different from the

NHE2 and NHE3, in the proximal tubule has been proposed

(Choi et al., 2000; Goyal et al., 2003).

There were no significant differences between the  inhibited

by bafilomycin and that inhibited by EIPA in aged rats, suggest-

ing that both mechanisms contributed equally to the proximal

bicarbonate reabsorption. Interestingly, the contribution of the

vacuolar ATPase to proximal convoluted tubule acidification was

larger in old rats than in young rats, suggesting that our observa-

tion could be in line with those of Baum (1992), who found a

similar phenomenon in neonatal compared with adult rats.

The reduction of  induced by bafilomycin was similar in

old and young rats. This result is in agreement with the absence

of differences in the abundance of the V-H+ATPase between

young and old rats. Thus, it is unlikely that the fall in the total

acidification detected in old rats could be ascribed to the V-

H+ATPase. We were unable to detect a fall in NHE3 abundance;

thus the present results could indicate that an EIPA-sensitive

mechanism in addition to the NHE3 isoform is impaired in

proximal tubule acidification of aging rats. It has been pointed

out that NHE2 isoform does not contribute to proximal tubule

acidification in mice lacking both NHE2 and NHE3 isoform

(Wang et al., 1999; Choi et al., 2000). Goyal et al. (2003, 2005)

described a new member of the family of mammalian NHE

exchangers, the NHE8 isoform. This new isoform is a candidate

to mediate Na+-dependent acid extrusion across the apical

membrane of proximal tubule cells (Choi et al., 2000). NHE8-

mediated transport is retained in NHE3/NHE2 null mice and can

be inhibited by EIPA (Choi et al., 2000). Thus, if NHE2 does not

participate in proximal bicarbonate reabsorption in the proximal

convoluted tubule of the rat, it is tempting to speculate that

the EIPA-sensitive H-ion transport described by Choi et al. (2000)

and Goyal et al. (2003, 2005) is also affected in old rats. How-

ever, it cannot be ruled out that the NHE3 isoform activity could

also be involved. It is interesting that in old rats, as in the

NHE3 null mice, the remaining  reabsorption is due to a

bafilomycin-sensitive component, which does not up-regulate in

spite of the severe reduction in the total amount of bicarbonate

reabsorption (Wang et al., 1999). This defect does not appear

to affect the whole animal acid-base equilibrium since there are

no changes in blood acid-base status of old rats (MacLaughlin

et al., 2001). However, during aging the capacity of the organism

to regulate acid-base homeostasis is decreased (Syneok, 1976;

Frassetto & Sebastian, 1996). In conclusion, proximal tubule

acidification appears to be affected in aging by decreasing the

activity of an EIPA-sensitive component without changes in the

NHE3 abundance in the apical membrane.

Experimental procedures

Two groups of rats were studied, young adults (3-month-old)

and aging rats (18-month-old).

Fig. 3 (A) Western blot developed using an antibody against subunit 
E of the V-H+ATPase in vesicles of brush border membranes of proximal 
convoluted tubule (BBMV) from young (3-month) and old (18-month) rats. 
The subunit E of the V-H+ATPase is visualized at 31 kDa while the band at 
42 kDa is β-actin. (B) Densitometric measurements. Data are presented as a 
ratio of V-H+ATPase to β-actin protein levels. Values are means ± SEM. Four 
blots were made, each from a pool of tissues taken from three rats.
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Micropuncture experiments

Rats were anesthetized with Inactin (100 mg kg−1 body weight

i.p.), and were placed on a thermostatically controlled heated

table and prepared by standard micropuncture techniques. The

kinetics of acidification in proximal convoluted tubule were

studied by continuous measurement of intratubular pH as

previously described (Diaz-Sylvester et al., 2001). Briefly, the

proximal convoluted tubule was perfused by means of a double-

barrelled micropipette, one barrel filled with Sudan-Black-colored

castor oil and the other with the perfusion solution (in mM:

75 NaCl, 5 KCl, 1 CaCl2, 25 HCO3, 1.25 MgSO4, 10 glucose

and 90 raffinose). The pH of the luminal solution was adjusted

to 7.4, and the osmolality, measured with a vapor pressure

osmometer (model 5100C, Wescor, Logan, UT, USA), was 290

mosmol kg−1. Luminal pH changes were measured with an H+-

sensitive resin microelectrode (Fluka, Cocktail A, Ronkokoma,

NY, USA) (Diaz-Sylvester et al., 2001). The slope of micro-

electrodes was 56 ± 2 mV/pH unit. Changes in luminal pH

were measured in a buffer drop isolated between two castor

oil columns. Because of the presence of raffinose, the drop of

buffer does not change the volume and remains stationary;

thus the change in pH is measured until it reaches the steady

state.

The micropuncture experiments were performed under three

conditions: (i) control, (ii) bafilomycin 10−6 M added to the

luminal solution, and (iii) EIPA (5-N-ethyl-N-isopropyl amiloride;

10−4 M) added to the luminal solution.

Theoretical asumptions
During luminal perfusion, H+ secretion results in acidification

of the luminal solution and titration of alkaline buffer. There-

fore, bicarbonate concentration falls and reaches steady state.

Detailed treatments of this model have been previously published

(Amorena et al., 1984). Using pH values recorded from

microelectrode measurements,  concentration at time

t is calculated according to:

Where α = 0.024, pK = 6.03 (Edsall & Wyman, 1958) and

pCO2 = the partial pressure of CO2 in mmHg. To calculate acid-

ification rates, the log of ([HCO3∞] − [HCO3t]), where [HCO3∞]

and [HCO3t] are the concentration of  at steady state and

at time t, respectively, is plotted against time, in seconds. This

plot can be fitted to a straight line, meaning that [ ]

approaches exponentially to its steady-state value. The slope of

this line is the acidification rate constant (κ). Net proton flux

( ) is calculated according to:

where r is the tubule radius in centimeters [0.0015 cm in

young and 0.0019 cm in old rats (MacLaughlin et al.,
2001)].

In vitro experiments

Brush border membrane vesicles
Brush border membrane vesicles from renal cortex were isolated

in young and old rats using a technique previously described

(Igarreta et al., 1996). Kidneys were removed, put in cold

HEPES-sucrose-EDTA (HSE) buffer (in mM: 50 sucrose, 10 Tris,

10 HEPES and 0.5 EDTA, pH 7.5) and washed with the same

buffer, decapsulated and renal cortex was separated. After dif-

ferential centrifugation, the vesicle pellet was dissolved in HSE

buffer with protease inhibitors (aprotinine 10 µg mL−1, leupeptine

10 µg mL−1, pepstatin A 10 µg mL−1, phenylmethylsulfonyl fluoride

2 mM and dithiothreitol 1 mM). Protein concentration was deter-

mined according to Lowry et al. (1951).

Western blot
The abundance of Na+/H+ exchanger, isoform NHE3, and sub-

unit E of the V-H+ATPase in BBMV were assessed by Western

blot analysis.

Evaluation of V-H+ATPase abundance. Brush border membrane

vesicles corresponding to 100 µg protein were resuspended,

heated at 100 °C for 2 min, separated electrophoretically on

a 10% sodium dodecylsulfate polyacrylamide gel (SDS-PAGE)

according to Laemmli (1970), transferred to a nitrocellulose

membrane and blocked in Tris-Buffer-Sodium-Tween (TBST) (in

mM: 20 Tris, 150 NaCl and 0.1% Tween 20, pH 7.5) with 5%

nonfat milk for 1 h at room temperature with gentle agitation.

The membrane was incubated with an antibody against subunit

E of the V-H+ATPase (rabbit polyclonal antibody, # sc-20946,

Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), diluted

1 : 500 in TBST, for 1 h at room temperature with gentle agitation.

After five washes with TBST, the membrane was incubated with

alkaline phosphatase-labeled secondary antibody (goat antirabbit

IgG from Santa Cruz Biotechnology) dilution 1 : 5000. Bands were

visualized with BCIP/NBT Color Development Substrate (Promega

Corporation, Madison, WI, USA).

Quantification of NHE3. The general procedure is similar to

that described above for quantification of V-H+ATPase, with the

following modifications: BBMV samples corresponding to 40 µg

protein were electrophoresed on 8% SDS-PAGE. Transblots

were incubated with the primary antibody (MAB against isoform

NHE3, # MAB3138, Chemicon International, Temecula, CA, USA)

diluted 1 : 500 in TBST, for 1 h at room temperature with gentle

agitation. After five washes with TBST, the membrane was

incubated with the secondary antibody (horseradish peroxidase-

conjugated rat antimouse IgG1 monoclonal antibody, # 559626

from BD Biosciences, San Jose, CA, USA) dilution 1 : 500. Bands

were visualized with chemiluminescence detection reagents

(ECL, Amersham, Piscataway, NJ, USA) and blue-light sensitive

autoradiography film (Hyperfilm, Bio-Rad, Hercules, CA, USA).

Membranes containing the same samples in all cases were

incubated with the primary antibody against β-actin at 1 : 5000

dilution (antibody against actin Ab5, # 612656 from BD

HCO3
−
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HCO pCO
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Biosciences). After five washes with TBST, the membrane was

incubated with the secondary antibody (antimouse IgG (H+L)

alkaline phosphatase conjugate, # S372B, Promega Corporation).

Band intensities for both V-H+ATPase and NHE3 isoform were

determined by densitometric analysis using the ImageJ program

provided by NIH website (http://molbio.info.nih.gov/molbio/

Software.htm) and were normalized using the intensity of the

β-actin band on the same blot (Dixit et al., 2004).

Experiments were repeated four times with protein samples

drawn from different groups of young adult and aged rats.

Statistics
Results are expressed as means ± SE. Statistical analysis of data

was performed by ANOVA and Newman–Keuls test. Western blot

data were analyzed using Student’s t-test. Differences were

considered statistically significant at P < 0.05.

All the experiments have been conducted in conformity with

the principles stated in American Physiological Society (APS)’s

Guiding Principles in the Care and Use of Animals.
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