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Regulation of AE1 anion exchanger and H-ATPase in rat
cortex by acute metabolic acidosis and alkalosis
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Regulation of AE1 anion exchanger and H-ATPase in rat cortex by
acute metabolic acidosis and alkalosis. The cortical collecting duct (CCD)
mediates net secretion or reabsorption of protons according to systemic
acid/base status. Using indirect immunofluorescence, we examined the
localization and abundance of the vacuolar H -ATPase and the AEI
anion exchanger in intercalated cells (IC) of rat kidney connecting
segment (CNT) and CCD during acute (6 hr) metabolic (NH4CI) acidosis
and respiratory (NaHCO1) alkalosis. AEI imm000staining intensity quan-
tified by confocal microscopy was elevated in metabolic acidosis and
substantially reduced in metabolic alkalosis. AEI immunostaining was
restricted to Type A IC in all conditions, and the fraction of AEI IC was
unchanged in CNT and CCD. Metabolic acidosis was accompanied by
redistribution of H -ATPase immunostaining towards the apical surface
of IC, and metabolic alkalosis was accompanied by H-ATPase redistri-
bution towards the basal surface of IC. Therefore, acute metabolic
acidosis produced changes consistent with increased activity of Type A IC
and decreased activity of Type B IC, whereas acute metabolic alkalosis
produced changes corresponding to increased activity of Type B IC and
decreased activity of Type A IC. These data demonstrate that acute
systemic acidosis and alkalosis modulate the cellular distribution of two
key transporters involved in proton secretion in the distal nephron.

Intercalated cells (IC) of the mammalian kidney arc highly
specialized epithelial cells involved in acid-base transport. Func-
tionally, at least two types of IC mediate acid secretion and base
secretion in the connecting segment and collecting ducts, the
A-type and B-type IC, respectively [reviewed in 1]. These trans-
port functions are thought to he mediated by the coordinated
activities of a vacuolar-type H-ATPase and a Cl/HCO3
exchanger at opposite IC surface membranes, as demonstrated by
immunolocalization of these key proteins [2—7] and by tluoromet-
nc measurement of pH in single cells of isolated perfused tubules
[8—10]. B-type (or other) IC have also been proposed to serve as
transcellular pathways for reabsorption of K and C1, via the
activities of an H!K ATPase and a Cl 7HC03 - exchanger at
the apical surface [1, In.

Though the molecular identity of the apical Ci /HC03 ex-
changer(s) remains the subject of debate [12—14], many immuno-
cytochemical studies have demonstrated AE1 immunoreactivity at
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the basolateral surface of the type A, acid-secreting IC [2—4, 6, 7,
15]. AE1 has been reported in this cell type in kidney of rabbit [3,
7], rat [2, 4, 6], mouse [15, 16], chicken [17], and human [18], and
in the homologous cell type in turtle bladder [19]. The major AEI
gene product expressed in mammalian type A IC is that encoded
by the kAE1 mRNA [18, 20—22].

The kidney's ability to adapt to systemic acid/base perturbations
has led several groups to investigate how modulation of AE1
expression might contribute to this adaptation. A two- to three-
fold elevation of kAE1 mRNA levels was noted in both cortex and
medulla of kidneys from rats maintained for five days in a 10%
CO2 atmosphere to produce chronic respiratory acidosis [23]. In
contrast, rats subjected to metabolic acidosis or metabolic alka-
losis for periods of 1 to 14 days showed no change in cortical or
medullary levels of H-ATPase protein or mRNA. However, in
these chronic studies the H -ATPase immunostaining pattern in
IC demonstrated acidosis-induced shifts from intracellular vesi-
des to the cell surface, and alkalosis-induced shifts from the cell
surface to intracellular vesicles [24].

In contrast, in a rat model of impaired urinary acidification
induced by 24 hours ureteral obstruction, no change in IC
H-ATPase localization was found for up to 10 days following
obstruction. Although IC H-ATPase immunostaining intensity
was elevated three hours following release of obstruction, it then
returned to normal levels; AEI was not analyzed [25]. Though no
change in the AE1 immunostaining pattern was detected in rat
kidney during hyperacute chloride depletion metabolic alkalosis
[26], chronically increased distal chloride delivery achieved by six
days of combined administration of bumetanide and NaCl led to
decreased AEI immunostaining in Type A IC, which were also
noted to be reduced in size [27]. Chronic metabolic acidosis or
alkalosis in late pregnancy and initial lactation of rats led to no
changes in percent of Type A IC in the pups as defined by apical
studs [28], an ultrastructural marker of the vacuolar H-ATPase
[29]. However, the percent of Type B IC as defined by basolateral
studs increased with maternal metabolic alkalosis and decreased
with maternal metabolic acidosis [28].

In rabbit IC, AE1 immunostaining is found in intracellular
vesicles and multivesicular bodies to a greater degree than in rat
[30]. Chronic metabolic acidosis in the rabbit led to enhanced
AE1 immunostaining at the IC surface and a reduced amount in
intracellular vesicles [31]. Dissociated cortical collecting duct
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(CCD) cells prepared from rabbits subjected to subacute meta-
bolic acidosis expressed four- to fivefold greater levels of AE1
RT-PCR product than did cells from rabbits with subacute
metabolic alkalosis [14]. Acidosis may also have increased the
level of kidney AE1 polypeptide in CCD cell lysates [14].

In the present study we have examined the effects of six hours
metabolic (NH4CI) acidosis and metabolic (NaHCO3) alkalosis
on the expression in rat kidney of AE1 and of vacuolar H-
ATPase, using indirect immunofluorescence to detect these trans-
porter polypeptides. We focused on cortical IC in the late distal
tubule, connecting segments, and the collecting duct, in view of
the ability of the rat CCD rapidly to convert between net
reabsorption and secretion of bicarbonate [32]. The results dem-
onstrate that both perturbations acutely regulate the level of AEI
expression and the localization of H-ATPase in intercalated
cells.

Methods

Animals

Adult male Sprague-Dawley rats were maintained on a stan-
dard diet and had free access to water. Metabolic acidosis was
induced in the morning by gavage of 10 ml fluid containing (for
acid loading) 3.5 mmoles ammonium chloride per 100 g body wt
or (for alkali loading) 5.0 mmoles sodium bicarbonate per 100 g
body wt. Control animals were gavaged with 10 ml of 140 mM
sodium chloride. The animals were then allowed free access to tap
water. Six hours following gavage, the animals were anesthetized
with Nembutal (65 mg/kg, i.p.). Urine was withdrawn from the
bladder into gas-tight syringes. The abdominal aorta was cannu-
lated, and arterial blood was withdrawn into heparinized, gas-tight
syringes. The animals then underwent retrograde perfusion via
the aorta with Hank's balanced solution until the kidneys were
thoroughly blanched, and then perfusion-fixed with 2% parafor-
maldehyde/75 ms lysine/lO m sodium periodate (PLP) as pre-
viously described [6, 33]. Kidneys were excised, cut into blocks of
cortex, medullary outer stripe and inner stripe, and further fixed in
PLP overnight at 4°C. Fixed tissue blocks were washed four times
with PBS, then stored at 4°C in PBS containing 0.02% sodium
azide until further use.

Antibodies

The murine monoclonal antibody to the 31 kDa subunit of
bovine inner medullary vacuolar H-ATPase has been verified
previously to cross-react with the rat kidney protein [5, 6, 33]. The
affinity-purified rabbit polyclonal antibody to the carboxy-terminal
12 amino acids 1224-1237 of mouse AE2 [34] cross-reacts with rat
AEI, and recognizes in semithin sections of kidney only AEI and
not AE2 when used as an immunostaining reagent with the
described fixation and incubation conditions [15, 35]. AEI immu-
nostaining patterns were verified with specific anti-AE1 anti-
peptide antibodies [6]. Fluorescein-conjugated goat anti-mouse
IgG and Texas Red-conjugated goat anti-rabbit lgG were ob-
tained from Jackson Immunochemicals.

Immunocytochemistty

Fixed tissue blocks were successively infiltrated with 1.6 M or 2.3
M sucrose in PBS/azide, frozen in liquid nitrogen, and sectioned at
4 to 5 tm thickness on a Reichert Frigocut cryostat, or at 1 im
thickness on a Reichert Ultracut E cryostat. Sections were placed

on Superfrost/Plus Microscope Slides (Fisher) and stored in
PBS/azide at 4°C until use, or alternatively stored at —20°C for
longer periods.

Indirect immunofluorescence detection was performed as pre-
viously described [6, 15]. Sections were preincubated at room
temperature in PBS for 10 minutes, in 1% bovine serum albumin
(BSA) in PBS for 15 minutes, then incubated at room tempera-
ture for one to two hours with either primary antibody as
indicated or with pooled nonimmune serum. Many sections were
subjected to a double-incubation procedure. Sections were
washed twice for five minutes in PBS containing added 2.7% NaCI
(high-salt PBS) and twice in normal PBS. The sections were then
incubated for one hour with fluorophore-conjugated secondary
antibodies (at concentrations of 10 to 15 g/ml), followed by two
washes of five minutes each in high-salt PBS and two washes in
normal PBS. Sections were mounted in 50% glycerol in 0.2 M
Tris-HCI, pH 8.0, containing 2.5% n-propylgallate as an anti-
quenching agent.

Sections were examined and photographed with a Nikon FXA
photomicroscope equipped for epifluorescence and photographed
using Kodak TMAX 400 film push-processed to 1600 ASA. Distal
tubules, connecting segments, and collecting ducts were identified
on the basis of morphological criteria that have been previously
described. The number, shape, and size of IC as well as of
surrounding cells is characteristic for each of these segments. In
addition, H-ATPase clearly stains the apical plasma membrane
but very few cytoplasmic vesicles of all cells in the distal tubule, as
well as many non-IC in the connecting segment. In contrast,
principal cells (PC) in the CCD show much less apical staining.
Immunocytological categories of IC were assigned according to a
modification of the categories described previously for the rabbit
[7] and the rat [24, 36]. Only cells in which the nucleus was
identified were counted in quantitative analyses in order to
minimize histologic misreading secondary to tangential sections.
On average, 200 to 250 cortical IC were examined in each of five
control and alkalotic rats, and in each of four acidotic rats. IC
were categorized for AE1 immunostaining intensity and for
distribution pattern of H ATPase. Statistical significance of the
differences between control and acidotic values, between control
and alkalotic values, and between acidotic and alkalotic values for
given measurements were assessed by Student's two-tailed t-test
for two samples assuming equal variances. P < 0.05 was consid-
ered statistically significant.

Some sections were examined and image files acquired with a
BioRad MRC600 laser confocal scanning microscope. For quan-
titative confocal analysis of AEI staining intensity, 5 m sections
stained by indirect immunofluorescence were used. Sections used
for quantitation were cut from control, acidotic, and alkalotic
tissue and stained at the same time with the same preparations of
diluted primary and secondary antibodies. Sections from control
rats were mounted on the confocal microscope stage, and tubule
segments containing stained cells were identified. The section was
rapidly scanned to find the point along the stained membrane
where the fluorescence was subjectively the brightest, and param-
eters for aperture size, gain, and black level were optimized for
the control tissue, so that the brightest pixel intensities were
readily visible without further image enhancement, but remained
well below saturation (255 grey-scale units). These values held
constant for quantification for subsequent control and experimen-
tal tissue samples. Up to ten stained tubules per region of section
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Table I. Acid/base parameters

Control
(N=12)

Acidosis
1N=15)

Alkalosis
(N=13)

Blood pH 7.34 0.01 6.97 0.02a 7.48 0.O1C

pCO2 mm Hg 42.3 1.9 40.0 2.4 47.6 1.3C

P02 mm Hg 87.8 3.3 97.0 6.9 86.5 3.3
[HC03] mM 22.9 0.7 9.2 0.SC 35.3 0.7C

Urine pH 6.8 0.2 55 8.4 01h

Parameters at time of sacrifice, 6 hrs after gavage administration of acid
or base. Values are means SEM. N = number of rats. Urine pH values
were from 6 controls, 8 acid-treated, and 6 alkali-treated animals.

P < 0.00001; hP < 0.002; C p < 0.05, each compared to corresponding
control value

were scanned and saved using the Kalman frame-averaging algo-
rithm supplied with the BioRad software. The images were saved
on a 44 Mb SyQuest removable hard disk.

For quantification of labeling, images were retrieved and the
magnification was digitally increased to facilitate analysis. The
area of basolateral fluorescence staining on each cell was outlined
with the area tracer tool supplied with the softward package, and
the mean pixel intensity of the enclosed area was recorded. The
area outlined was not the same for each cell, but this method
provided data that were independent of stained surface area. For
each experimental condition, immunostaining intensities from
one section from each of four or five rats were quantitated. Mean
pixel intensities were loaded into the Statworks program, and
means sem were calculated, together with P values using
Student's two-tailed t-test for paired and unpaired samples.

Results

Systemic acid/base parameters
The acid/base state of the rats at time of sacrifice, 6 0.5 hours

post-gavage, is summarized in Table 1. Ammonium chloride
gavage produced acute metabolic acidosis, with blood pH 6.97,
serum bicarbonate 9.2 m, and urine pH 5.5, compared to control
values of 7.34, 22.9 m, and 6.8, respectively. However, the
acidotic animals did not mount a significant compensatory respi-
ratory alkalosis that was evident at time of sacrifice. Thus, the
"NH4C1 acidosis" was a combined metabolic-respiratory acidosis.

Sodium bicarbonate gavage produced acute metabolic alkalosis,
with blood pH 7.48, serum bicarbonate 35.3 mt, and urine pH 8.4.
Slight compensatory respiratory acidosis was already evident in
the alkalotic animals, with pCO2 of 47.6 mm Hg compared to the
control value of 42,3 mm Hg (P < 0.05). The animals remained in
otherwise satisfactory condition, as evidenced by unchanged arte-
rial P02 values.

Immunocytochemical changes in IC from acidotic and alkalotic
animals

IC were defined as cells which displayed immunostaining for
either H ATPase, AEI, or both proteins. As shown in Figure 1,
IC were easily identified in cortical collecting ducts (CCD) in all
conditions. As noted previously, H-ATPase was found on either
surface or both surfaces of CCD IC. In contrast, AE1 was
observed uniquely on basolateral membranes of a subset of IC, as
we and others have previously noted. No AE1 was detected in

apical membranes within any renal tubule segment with the
antibody presented or with four other anti-AE1 antibodies which
immunostain red blood cells (not shown).

Though approximately equal numbers of AE1-positive and
AE1-negative cells were present in connecting segments (CNT)
and in CCD (Table 2), some CCD in semithin sections exhibited
predominantly one IC type or the other, as reported previously in
isolated perfused rabbit CCD for functionally defined IC [37].
Therefore, in the double-stained section of control kidney shown
in Figure 1, most of the IC present in the CCD are of morpho-
logical Type A (closed arrow), with apical HtATPase and
basolateral AE1. Also present are morphological Type B cells
(arrowhead), characterized by basolateral and/or diffuse localiza-
tion of H ATPase and no detectable AE1 immunostaining. In
addition, the CCD shown contains one IC that exhibits uniquely
or predominantly apical H ATPase in the absence of AE1
immunostaining (asterisk). Such sections were previously re-
ported, and termed "novel" IC [6]. As reported earlier [6, 33], the
proximal tubule brush border microvillar ciypts also exhibit
HtATPase staining without AEI staining.

In kidneys from acidotic animals (Fig. 2), H-ATPase staining
was enhanced by concentration at the apical surface of Type A
cells (Fig. 2A, arrow), while Type B cells (arrowhead) retained or
enhanced the basolateral concentration of H-ATPase staining.
In Type A cells from acidotic animals, basolateral AE1 staining
was also intensified (Fig. 2B, arrow) compared to control CCD,
whereas Type B cells remained AE1-negative (Fig. 2B, arrow-
head). Total H-ATPase staining in IC of Type A or Type B
showed no consistent changes in acute acidosis or alkalosis.

In kidneys from alkalotic animals (Fig. 3), IC with H-ATPase
staining at the basolateral cell surface of Type B cells were more
numerous (Fig. 3A, arrowhead), and the basolateral staining
intensity also appeared increased. AE1 immunostaining in Type A
cells was decreased in intensity, and was sometimes dramatically
reduced (Fig. 3B, arrow).

Effects of acute acidosis and alkalosis on AE1 status of IC

The effects of acute acidosis and alkalosis on the relative
numbers of IC subtypes were quantitated separately in the CNT
(including the late distal tubule) and in the CCD. IC comprised
45% of total cells in the connecting segment. The % of CNT IC
which were AE1 was 54.2% in control animals, 57.6% in acidotic
animals, and 54.4% in alkalotic animals (Table 2). These propor-
tions in acidotic and alkalotic animals were not different from
control or from each other (P> 0.5). In the CCD, IC comprised
59% of total cells, a number that is higher than reported in
previous rat studies which combined CNT and CCD. The % of
CCD IC which were AE14 was 53.7% in control animals, 56.4%
in acidotic animals, and 43.9% in alkalotic animals (Table 2). In
the CCD, acid-base status produced a tendency to change the %
of IC which expressed detectable AE1, but these shifts did not
reach statistical significance (P > 0.2 for either experimental
group compared to control, P > 0.07 for acidotic compared with
alkalotic). AE1 expression status is one light microscopic criterion
by which Type A and Type B cells are defined. Another major
criterion is localization of H-ATPase [5]. By this criterion, as
well, relative proportions of Type A and Type B cells were not
significantly changed by NH4CI acidosis or by NaHCO3 alkalosis
(P> 0.1).
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Fig. 1. Semithin clyosection (1 pm thickness) of
rat CCD taken from a control animal. Section
was double-immunostained with monoclonal
antibody to H-ATPase (A) and with polyclonal
antibody to AE1 (B). Closed arrow indicates IC
of morphologic Type A; arrowhead indicates IC
of morphologic Type B. Asterisk (at left of
panels) indicates IC with apical H-ATPase
and undetectable AE1. Proximal tubules above
and below the centrally situated horizontal
CCD display H-ATPase staining at base of
apical brush border (A) without AE1 staining
(B). Proximal tubules in both panels display
lysosomal autofluorescence. Bar represents 10
pm.

Effects of acute acidosis and alkalosis on AE1 immunostaining

intensity
The intensity of AE1 immunostaining in AE1 IC was semi-

quantitatively assessed by laser confocal scanning fluorescence
microscopy (Table 3). The entire basolateral pole of each mea-
sured IC was included in the measurement. AE1 pixel intensity in
acidotic animals increased by 12% compared to control values,
whereas AE1 pixel intensity in alkalotic animals decreased by 27%
compared to control values (for both perturbations, P > 0.001
compared to control). Background pixel intensity averaged 40
7 gray scale units in control cells and 28 7 units in alkalotic cells.
With these background correction values, the average decrease in
AEI immunostaining intensity in the basolateral membrane of
cortical A-type IC of alkalotic animals remained 26%. Similar
measurements in the outer medullary inner stripe revealed a 12%

Table 2. Effects of acid/base perturbation on AE1 status of cortical IC

Control (5) Acidosis (4) Alkalosis (5)

Connecting segment
AE1 % of IC 54.2 5.8 57.6 5.9 54.4 2.4
AE1 % of IC 45.8 5.8 42.4 5.9 45.6 2.4

Cortical collecting duct
AEl % of IC 48.0 1.8 52.7 2.9 43.1 3.1
AE1 % of IC 52.0 1.8 47.3 2.9 56.9 3.1

Values are means SEM from 4 or 5 animals, with >400 total cells
counted per animal. Acidotic and alkalotic values did not differ from
control values (P > 0.2).

increase in pixel intensity in IC from acidotic rats, but no
significant intensity change in IC from alkalotic rats (data not
shown).
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Fig. 2. Semithin (1 pm) clyosection of rat CCD
taken from an animal with acute metabolic
acidosis, double-immunostained with monoclonal
antibody to H-ATPase (A) and with polyclonal
antibody to AE1 (B). Basolateral AE1 staining
of type A IC (arrow in B) is enhanced, and
apical H-ATPase staining of type A IC is
more linear and less diffuse than in control rats.
Symbols as in Figure 1. Bar represents 10 rm.

Effects of acute acidosis and alkalosis on IC cell subtypes as
defined by H4 -A TPase distribution

A spectrum of IC types has been described in the rat CCD
based on the distribution of vacuolar H-ATPase immunostaining
in chronic metabolic acidosis [14]. Therefore, the effects of acute
acidosis and alkalosis on AEI immunostaining intensity and
distribution were evaluated as a function of H-ATPase distribu-
tion within IC (summarized in Fig. 4). Table 4 shows the matrix of
IC types present in the control rat connecting segment, whereas
Tables 5 and 6 present the cell type distribution present in acidotic
and alkalotic animals, respectively. NH4C1 acidosis increased the
proportion of strong and medium AE1 cells with apical or
apical/diffuse H4-ATPase. Acidosis may have correspondingly
decreased the proportion of weak AEI cells with apical/diffuse
H-ATPase (Table 5). NaHCO3 alkalosis shifted every cell

phenotype of H-ATPase towards weaker AR! immunostaining,
but only minimally shifted the H-ATPase phenotype among
AE1 IC from apical towards basolateral distribution (Table 6).

Figure 4 summarizes in bar graph form the data from Tables 4
to 6. In connecting segment of control animals, most IC exhibited
apical/diffuse H4-ATPase, and a range of AE1 staining intensi-
ties. Acidosis shifted the pattern of cell types towards stronger
AEI staining intensity and tighter apical localization of H-
ATPase. Alkalosis shifted the pattern towards weaker AE1 stain-
ing intensity, but redistribution of H4-ATPase was minimal.

Table 7 shows the matrix of IC types present in the control rat
CCD, whereas Tables 8 and 9 present the CCD cell types in
acidotic and alkalotic animals, respectively. NH4CI acidosis sig-
nificantly increased the proportion of strong AE1 cells which
displayed apical or apical/diffuse H-ATPase, with corresponding
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Fig. 3. Semithin (1 pm) clyosections of rat CCD
taken from an animal with acute metabolic
alkalosis, double-immunostained with
monoclonal antibody to H-ATPase (A) and with
polyclonal antibody to AEI (B). Basolateral H-
ATPase staining of type B IC is increased
(arrowhead in A), whereas basolateral AE1
staining of type A IC is often dramatically
reduced (arrow in B). Symbols as in Figure 1.
Bar represents 10 jm.

Table 3. Confocal immunostaining intensity of rat cortex AEI

Group
Pixel intensity

mean + SEM (N) P

Control 102.9 2.1 (57) —
Acidotic 115.4 2.6 (51) <0.001
Alkalotic 74.7 2.5 (49) <0.0001

Pixel intensities of basolateral surfaces of AEI-positive cortical IC were
measured in 0.5 tm optical sections (see Methods).

reductions in medium and weak AE1 cells, especially among
apical/diffuse H-ATPase cells. NaHCO3 alkalosis produced a
moderate decrease in the proportion of strong AE1 cells, which
displayed apical or apical/diffuse H4 -ATPase compared to con-

trols. However, to a greater degree than in the connecting
segment, alkalosis shifted H-ATPase from apical localization
towards diffuse and basolateral localizations among AE1 cells.

Figure 5 similarly summarizes in bar graph form the data from
Tables 7 to 9. The major changes induced by acidosis and alkalosis
in CCD paralleled those observed in connecting segment. Hence,
acidosis shifted the IC distribution towards strong AEI staining
intensity and a more apical distribution of H-ATPase. Alkalosis
decreased AE1 staining intensity, and shifted H-ATPase away
from the apical surface. Figures 4 and 5 also emphasize a
difference between IC of the connecting segment and the CCD.
The connecting segment had very few AEI IC which showed
basolateral or basolateral/diffuse H -ATPase distribution, even in
alkalosis. In contrast, the CCD showed substantial numbers of
these cells, which increased in proportion in the alkalotic state.
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Fig. 4. Summaty of immunostaining profiles of
IC in CNT in alkalotic (A), control (B), and
acidotic conditions (C). The % of total IC is
plotted on the z axes, AE1 immunostaining
intensity is plotted on they axes (from
foreground to background in the order: strong,
medium, weak, and AE1-negative).
Immunolocalization pattern of H-ATPasc is
plotted on the x axes (from left to right in the
order: negative, basolateral, basolateral/diffuse,
diffuse, apical/diffuse, and apical). Data taken
from Tables 4 to 6.

Well-polarized basolateral H' -ATPase was found only in AE1 —
acidotic rats the proportion of this cell type showed no significant

IC. These comprised 3.9 1.6% of IC in control CCD, and change in CCD compared to controls.
increased to 11.1 3.1% of IC in alkalotic rats (P < 0.05). In IC which displayed basolateral and basolateral/diffuse staining
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Table 4. AE1 phenotypes of IC in the control CNT

AEI
immunostaining

vH-ATPase immunostaining phenotype % SEM of total intercalated cells

Apical! Basolat!
intensity Apical diffuse Diffuse diffuse Basolat Negative Total-

Strong (+++) 1.9 0.7 12.8 4.4 0.4 0.2 0 0 1.3 0.6 16.4
Medium (++) 0.9 0.3 13.4 4.0 0.04 0.04 0 0 1.9 1.0 16.2
Weak (+) 2.2 0.9 18.3 4.2 0.2 0.2 0 0 0.9 0.2 21.6
Negative (—) 2.7 0.7 31.5 6.8 9.5 3.7 1.9 0.8 0.4 0.2 n.a. 46.0

Total 7.7 76.0 10.1 1.9 0.4 4.1

Values are from 1228 intercalated cells in 5 animals (246 59 intercalated cells per animal). Intercalated cells were defined by the presence of
immunostaining with antibodies to either or both AE1 or vH -ATPasc. Abbreviation na. is not applicable.

Table 5. AEI phenotypes of IC in the acidotic CNT

AEI vHtATPase immunostaining phenotype % SCM of total intercalated cells

Negative Total
immunostaining

intensity Apical
Apical!
diffuse Diffuse Basolat/diffuse Basolat

Strong (+++)
Medium (++)
Weak (+)
Negative (—)

20.2 5.5'
5.3 20"
1.9 1.0
7.6 1.l

20.2 2.4c
5.0 1.6
6.3 2.2"

19.2 2.9

0.1 0.1
0

0.2 0.2
12.4 2.5

0
0
0

2.9 0.9

0
0
0

0.4 0.2

1.1 1.1
0.2 0.2
0.2 0.2"

n.a.

41.6
10.5
8.6

42.5

Total 35.0 50.7 12.7 2.9 0.4 1.5

Values are from 822 intercalated cells in 4 animals (206 56 intercalated cells per animal). Intercalated cells were defined by the presence of
immunostaining with antibodies to either or both AE1 or vH-ATPase. Abbreviation n.a. is not applicable.

a P 0.01 vs. the same cell type in control animals
bP � 0.05 vs. the same cell type in control animals
P < 0.005 vs. the same cell type in alkalotic but not control animals

Table 6. AEI phenotypes of IC in the alkalotic CNT

AE1 vH*ATPase immunostaining phenotype % SCM of total intercalated cells

immunostaining Apical! Basolat!
intensity Apical diffuse Diffuse diffuse Basolat Negative Total

Strong (+++) 0.5 0.3' 7.8 IT 0 0 0 0.3 0.1 8.6
Medium (++) 1.3 0.3" 9.7 1.7 0.1 0.3 0 0 0.1 0.1 11.2
Weak (+) 3.3 1.4 29.0 2.6a 0.5 0.4 0 0 1.2 0.2" 34.0
Negative (—) 1.6 0.6 27.0 1.3 13.8 1.2 2.4 0.4 1.0 0.3 n.a. 45.8

Total 6.7 73.5 14.6 2.4 1.0 1.6

Values are from 1133 intercalated cells in 5 animals (227 19 intercalated cells per animal). Intercalated cells were defined by the presence of
immunostaining with antibodies to either or both AEI or vH-ATPase. Abbreviation n.a. is not applicable.

P < 0.005 vs. acidotic but not control animals
"P < 0.05 vs. acidotic hut not control animals

for H' -ATPase were uniformly AE1-negative. AE1-expressing IC
which displayed diffuse staining for H'-ATPase represented
fewer than 1.0% of total IC, and usually less than 0.5%. These
three groups of IC fit the profile of Type B IC both as character-
ized by H "-ATPase staining (basolateral, basolateral/diffuse, and
diffuse) and by absence of detectable basolateral AE1. This
category of AEI-negative cells with concentration of H"-ATPase
at or towards the basal pole of the cell, as well as that with diffuse
H"-ATPase localization, was more numerous in CCD than in
CNT regardless of acid-base status. Conversely, AE1 cells which
in acidosis displayed apical or apical/diffuse distributions of
H-ATPase were more numerous in CNT than in CCD, again
regardless of acid-base status (Fig. 2).

The "basolateral!diffuse" category of cells in Tables 4 to 9
includes IC with well-polarized, bipolar localization of H-
ATPase, as originally described by Brown, Hirsch and Gluck (331.

These bipolar cells comprised 1.7 0.7% of connecting segment
IC, and 3.4 1.3% of CCD IC. Alkalosis produced only a
suggestive reduction of these respective values to 0.3 0.1% and
1.0 0.3% (P = 0.1), in contrast to the increases reported
previously [24].

The proportions of IC which were AE1-negative but apical
H'-ATPase-positive increased in abundance in the CNT of
acidotic rats from the control value of 2.7 0.7% to 7.6 1.1%
(P < 0.05). This type of IC showed no change in the CCD. A cell
type not previously reported was also detected in both CNT and
CCD. This basolateral AEI-positive, H '-ATPase-negative cell
type represented 4.1% and 4.3% of IC in the control CNT and
CCD, respectively. In CCD, acidosis increased and alkalosis
decreased AE1 staining intensity in this cell type. In addition,
alkalosis decreased the proportion of cells of this type detected in
CCD from 3.4 1.3 to 1.0 0.3% (P < 0.05). In CNT both
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Table 7. AE1 phenotypes of IC in the control CCD

AEI vH-ATPasc immunostaining phenotype % SEM of total intercalated cells

immunostaining Apical! Basolat!
intensity Apical diffuse Diffuse diffuse Basolat Negative Total

Strong (+++) 1.9 0.5 8.5 2.6 0 0 0 0.8 0.02 11.2
Medium (++) 1.9 0.3 10.3 1.3 0.1 0.1 0 0 2.0 0.7 14.3
Weak (+) 2.0 0.7 18.8 3.7 0.1 0.1 0 0 1.5 0.6 22.4
Negative (—) 1.9 0.8 16.2 4.8 20.1 4.6 9.9 2.7 3.9 1.6 na. 52.0

Total 7.7 53.8 20.3 9.9 3.9 4.3

Values arc from 1065 intercalated cells in 5 animals (213 40 intercalated cells per animal). Intercalated cells were defined by the presence of
immunostaining with antibodies to either or both AE1 or vH-ATPase. The category "basolateral!diffuse" in this and subsequent tables includes
"bipolar cells" with condensed vH -ATPase immonostaining on both basolateral and apical membranes as previously described in ref. 24. Abbreviation
n.a. is not applicable.

Table 8. AE1 phenotypes of IC in the acidotic CCD

AE1 vH FATPase immunostaining phenotype % SEM of total intercalated cells

immunostaining Apical! Basolat!
intensity Apical diffuse Diffuse diffuse Basolat Negative Total

Strong (+++) 15.0 2.4' 23.6 3.7" 0.4 0.3 0 0 2.1 0.7k 41.1
Medium (++) 2.4 0.8 4.6 0.7" 0 0 0 0.5 0.2 7.5
Weak (+) 0.5 0.51 3.3 2.1" 0.2 0.2 0 0 0.2 0.2 4.2
Negative (—) 2.3 1.2 8.9 0.9 21.4 3.6 9.2 2.7 5.4 2.1 n.a. 47.2

Total 20.2 40.4 22.0 9.2 5.4 2.8

Values are from 893 intercalated cells in 4 animals (223 22 intercalated cells per animal). Intercalated cells were defined by the presence of
immunostaining with antibodies to either or both AEI or vH-ATPase. Abbreviation n.a. is not applicable.

"P < 0.05 vs. control animals
P < 0.05 vs. alkalotic but not control animals

Table 9. AEI phenotypes of IC in the alkalotic CCD

AE1 vH -ATPasc immunostaining phenotype % SEM of total intercalated cells

immunostaining ApIcaI/ Basolat!
intensity Apical diffuse Diffuse diffuse Basolat Negative Total

Strong (+++) 0.4 0.1" 5.0 0.9" 0.2 0.2 0 0 0.3 0.1" 5.0
Medium (++) 0.8 0.4" 8.1 1.6 0.1 0.1 0 0 0.5 0.2 9.5
Weak (+) 33 0.5k 23.5 2.8" 0.7 0.3 0 0 0.3 0.2 27.8
Negative (—) 1.1 0.3 9.3 2.0 21.9 4.5 13.5 1.3 11.1 3.1 n.a. 56.9

Total 5.6 45.9 22.9 13.5 11.1 1.1

Values are from 1254 intercalated cells in 5 animals (251 49 intercalated cells per animal). Intercalated cells were defined by the presence of
immunostaining with antibodies to either or both AEI or vH-ATPase. Abbreviation n.a. is not applicable.

P < 0.05 vs. control animals
'P < 0.02 vs. acidotic but not control animals
"P < 0.001 vs. acidotie but not control animals

acidosis and alkalosis decreased the AEI staining intensity of this
cell type. It remains possible that this cell type, categorized here as
a distinct, observed entity, represents an artifact of sectioning at 4
to 5 jim thickness.

Discussion

The present study is the first to examine the coordinate
modulation of immunohistochemically-detected anion exchanger
AE1 and H-ATPase in IC of rat CNT and CCD in response to
acute NH4CI acidosis and acute NaHCO3 alkalosis. Rats were
examined six hours after enteral administration of a single acid or
base load sufficient to produce acute systemic acidosis and alka-
losis, respectively. Vacuolar H-ATPase underwent redistribution
within IC towards the apical cell pole during acute acidosis, as was

reported previously for subacute and chronic acid/base perturba-
tions. In acute alkalosis, significant redistribution of H -ATPase
toward the basal cell pole was noted in AE1 cells of CCD and to
a lesser extent in AE1 cells of CNT, but was undetected in AEI
IC of either segment. Localization of AE1, as detected in semi-
thin sections of 1 and 5 jim thickness, remained restricted to the
IC hasolateral membrane in all experimental conditions. Expres-
sion levels of AE1 as determined by semiquantitative confocal
microscopy decreased in acute alkalosis and increased less dra-
matically in acidosis in both CNT and in CCD. Whether IC were
scored by AE1 expression or by H-ATPase localization, the
observed changes in proportions of Type A and Type B IC in
acidosis and in alkalosis did not achieve statistical significance.
Thus, the current study does not provide support for the hypoth-
esis that Type A and Type B IC undergo interconversion during
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Fig. 5. Summaiy of immunostaining profiles of
IC in CCD in alkalotic (A), control (B), and
acidotic conditions (C). The % of total IC is
plotted on the z axes, AE1 immunostaining
intensity is plotted on the y axes (from
foreground to background in the order: strong,
medium, weak, and AEI-negative).
Immunolocalization pattern of H-ATPase is
plotted on the x axes (from left to right in the
order: negative, basolateral, basolateral/diffuse,
diffuse, apical/diffuse, and apical). Data taken
from Tables 7 to 9.

adaptation to systemic acid/base perturbations [38]. (Neither,
however, do the data disprove the hypothesis.)

One previous immunocytochemical study has examined hyper-
acute (2 hr) metabolic alkalosis in the rat [26]. This chloride-
depletion metabolic alkalosis was induced by 30 minutes of
peritoneal dialysis followed by 90 minutes of intravenous infusion

of 80 mM chloride, at which time the animals were sacrificed for
study. The systemic alkalosis was of equivalent magnitude to that
in the present study, but likely of more rapid onset. The degree of
respiratory compensation was also equivalent. The base load and
elapsed time sufficed to convert subsequently isolated and per-
fused CCD segments from a state of net bicarbonate reabsorption
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to sustained net bicarbonate secretion [32]. As previously re-
ported in rabbit CCD, bicarbonate reabsorption in rat CCD
required bath chloride, consistent with a requirement for a
basolateral anion exchanger with a localization similar to that of
AE1, These investigators later found in the same model of
hyperacute alkalosis no change in the distribution of AEI in
basolateral membranes of Type A IC, as detected by immunogold
labeling at the ultrastructural level [26].

In contrast to the present study, however, hyperacute metabolic
alkalosis produced no reported change in AE1 level of expression
[26]. The decreased expression of AE1 observed in the present
study might be related to the different durations and possibly
different rates of onset of alkalosis, as well as to possible differ-
ences in resolution between immunogold electron microscopy and
immunofluorescence light microscopy using different antibodies.

After six days of treatment of rats with bumetanide and NaC1
loading, CCD AEI detected by immunoelectron microscopy was
also decreased [27]. In this study, chronic diuresis led to the
occasional detection of AE1 immunostaining in lysosome-like
structures. In contrast to the rat, AE1 in the CCD of normal
rabbits was found to be predominantly localized to intracellular
structures of Type A IC, but twelve days of sustained metabolic
acidosis led to decreased AE1 immunostaining inside cells and
intensification of staining in the basolateral membranes [31]. This
difference between rats and rabbits correlates with the greater
dietary alkali load and a more alkaline urinary pH in rabbit than
in rat.

The difference in AE1 levels between the hyperacute C1-
depletion alkalosis and the acute oral NaHCO3 alkalosis of the
present study suggests a possible two-stage response to acute
alkali load. The first stage might consist of an initial kinetic
down-regulation of AEI function, though no such acute regula-
tion of AE1 function in red cells or of anion exchange in Type A
IC has yet been documented. The second, slower stage might be
a decrease in AE1 polypeptide content, mediated by protein
internalization and/or degradation. Operationally defined "degra-
dation" of AE1 may result from epitope loss due to proteolysis, to
conformational change, or to binding of another polypeptide. The
cytoplasmic domains of erythroid and kidney isoforms of AE1
both undergo pH-dependent conformational changes [39, 40] that
might contribute to epitope shielding. AE1 internalization might
be modified by pH or by extracellular or intracellular [K-].
Though plasma K was not monitored in the current study, the
NaHCO3 alkalosis may have produced a mild hypokalemia. K
depletion inhibits assembly and endocytosis of clathrin-coated
pits, though inhibition in fibroblasts required a 40% decrease in
cell K content [41]. In hyperacute Cl-depletion alkalosis,
intracellular K content of IC was indeed slightly reduced, though
not to statistically significant levels [42]. Neither AEI nor any
other related AE polypeptide has yet been shown to localize to
coated pits, or to associate with clathrin cage components. More-
over, inhibition of surface protein recycling ought not in the short
term lead to a decrease in AE1 polypeptide content, but rather to
an increase.

Altered transcription and stability of the AE1 mRNA could
also contribute to regulation of AE1 polypeptide levels. In
preliminary studies, Northern blot analysis of rat kidney cortex
RNA pooled from three NaHCO3 alkalotic animals showed a
two- to threefold decrease compared to control (data not shown),
consistent with an effect of alkalosis on AEI mRNA synthesis

and/or stability. Two previous studies have documented regula-
tion of AE1 mRNA levels in renal cortex by chronic acid-base
manipulations. Texeira da Silva et al [23] reported a two- to
threefold increase in cortical AE1 mRNA levels after five days of
respiratory acidosis imposed by a 10% CO2 atmosphere. Fejes-
Toth et a! [14] examined isolated CCD cells and purified popu-
lations of Type A and Type B IC prepared from rabbits subjected
to mineral acid or base loads 16 to 20 hours before sacrifice. They
found an RT-PCR product of the AE1 gene was 4.5-fold more
abundant in CCD cells from acidotic animals than from alkalotic
animals. The difference was greater still in a cell fraction enriched
for Type A IC, but the the study did not include control animals.

Fejes-Toth et a! [14] also detected kidney AE1 polypeptide in
rabbit CCD cell lysates, which increased in abundance in an
acidotic animal. Our attempts to detect by immunoblot kidney
AE1 in rat whole cortical lysates and various membrane fractions
were prevented by proteolysis, which was considerably easier to
block with inhibitors in membranes from mouse kidney than from
rat kidney [35]. Taken together, however, our findings of de-
creased AE1 immunostaining intensity in acute alkalosis and
increased staining intensity in acute acidosis are consistent with
results of previous studies.

Our findings of H-ATPase localization alterations by acute
metabolic acidosis and alkalosis are similar to earlier findings
obtained with different experimental conditions. Verlander et al
[26] reported ultrastructural evidence for redistribution of H-
ATPase from the apical membrane to intracellular vesicles in
Type A IC and its redistribution in Type B IC from intracellular
vesicles to the basolateral membrane after two hours of acute
metabolic alkalosis. The present findings in the CCD at four to six
hours also resemble those reported after up to two weeks of
metabolic alkalosis and acidosis by Bastani et a! for rat kidney
cortex H-ATPase [24].

The percentage of IC with apical H-ATPase staining in
control, acidotic, and alkalotic states was lower in this work than
those reported by Bastani et al, but the percentage of IC with
apical/diffuse staining in this work was higher [24]. The increment
in %IC which expressed apical H-ATPase in acidotic animals
compared to control animals was much higher in the current study
than after one day in the study of Bastani et al. The percentage of
IC with basolateral H-ATPase staining was also lower in the
current study. However, a nearly fourfold increase in the % of
AE1 IC with basolateral H-ATPase was noted in alkalotic
animals, a change not observed after 24 hours or less extreme
alkalosis [24]. The low number of bipolar cells in the present study
did not change with acidosis and alkalosis, in contrast to Bastani
et a! [24], who found bipolar cells reduced in acidosis and
increased in chronic alkalosis.

The present analysis revealed a substantial population of Type
A cells with apical H-ATPase staining that were negative for
detectable AEI staining. Up to 7.6% of IC in acidotic connecting
segment fit this description. These may be cells with internalized
AE1, as reported by the ultrastructural studies of Verlander et al
[27, 31]. However, no "intravesicular" concentration of AE1
immunostaining was noted (at least at the light microscopic level),
suggesting either proteolytic loss or shielding of the C-terminal
epitope from primary antibody, rather than intracellular seques-
tration of AE1. Alternatively, these cells might represent a Type
B IC variant in which the H4-ATPase has moved to the apical
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resin-embedded tissue. The cell may be a transitional intermedi-
ate, may have a distinct function, or could be an artifact of
sectioning.

Functional consequences of acid/base perturbations in isolated
perfused CCD from both rat and rabbit have been reported [1]. In
vivo acid-loading led to decreased basolateral proton secretion by
Type B cells in rabbit CCD [51, though regulation of rabbit CCD
Type A IC function by in vivo acid loading has been found to be
present [46] or absent [47, 48]. However, in vitro exposure of the
isolated rabbit CCD to peritubular acidosis for as little as one
hour was recently shown to reverse bicarbonate flux from net
secretion to net absorption More recently, Narbaitz, Murug-
esan and Levine [501 reported that subacute (18 hr) acidosis in
rats led to a slight increase in the % of IC which appeared by
ultrastructural criteria to be of Type A, and to a doubling of the
% of ultrastructurally defined "active" Type A IC. Most of these
functional studies are consistent with the present immunocyto-
chemical demonstration of regulation of AE1 levels and of H
ATPase localization.

The immunohistologically defined spectrum of IC in rat CCD is
complex [24 and this work]. These and other published studies
agree on the absence of AE1 epitopes in any IC apical membrane
in intact kidney, though AEI has been detected in apical mem-
brane preparations of cultured rabbit Type B cells [13]. However,
recent functional experiments suggest a more complex range of IC
phenotypes than the classical Type A versus Type B categories.
Isolated, perfused rabbit tubules show that all IC with apical
CIIHCO3 exchange activity can also display basolateral Cl/HCO3
exchange activity when assayed in specific ionic conditions [9, 10].
More recent data in both rat and mouse provide corroborating
immunocytochemical evidence for the presence of non-AEI AE
anion exchanger epitopes in both apical and basolateral mem-
branes of nearly all IC from control animals [43, 44]. Analyses of
all these gene products during systemic and ex vivo acid/base
manipulations will soon contribute to the next stage of our
understanding of the remarkable plasticity of the collecting duct.
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Appendix

Abbreviations are: IC, intercalated cells; CCD, cortical collecting duct;
CNT, connecting segment; PLP, paraformaldehyde/lysine/periodate; PC,
principal cells; PBS, phosphate-buffered saline.
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