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Abstract. The renal cortical collecting duct (CCD)
consists of principal and intercalated cells. Two forms
of intercalated cells, those cells involved in H*/HCO;-
transport, have recently been described. H*-secreting
cells are capable of apical endocytosis and have
H*ATPase on the apical membrane and a basolateral
CI-/HCO; exchanger. HCO; -secreting cells bind
peanut agglutinin (PNA) to apical membrane receptors
and have diffuse or basolateral distribution of
H*ATPase; their CI-/HCO;~ exchanger is on the apical
membrane. We found that 20 h after acid feeding of
rabbits, there was a fourfold increase in number of
cells showing apical endocytosis and a numerically
similar reduction of cells binding PNA. Incubation of
CCDs at pH 7.1 for 3-5 h in vitro led to similar, al-

beit less pronounced, changes. Evidence to suggest in-
ternalization and degradation of the PNA binding sites
included a reduction in apical binding of PNA, de-
crease in pH in the environment of PNA binding, and
incorporation of electron-dense PNA into cytoplasmic
vesicles. Such remodeling was dependent on protein
synthesis. There was also functional evidence for loss
of apical CI-/HCO;~ exchange on PNA-labeled cells.
Finally, net HCO,™ flux converted from secretion to
absorption after incubation at low pH. Thus, exposure
of CCDs to low pH stimulates the removal/inactivation
of apical CI-/HCO;~ exchangers and the internalization
of other apical membrane components. Remodeling of
PNA-labeled cells may mediate the change in polarity
of HCO;~ flux observed in response to acid treatment.

types (15). Principal cells, accounting for two-thirds

of all cells in the cortical collecting duct (CCD),' ab-
sorb Na* and secrete K+ (16, 20, 33). Intercalated cells,
comprising approximately one-third of all the cells in the
CCD, are rich in carbonic anhydrase (12, 23) and mitochon-
dria (15, 20). Since they show immunocytochemical evi-
dence for H*ATPase (4, 6) and CI'/HCO;- exchangers on
opposite membranes (13, 25), and an alkaline cell pH (pH))
(24, 27), they are believed to transport CI-/HCO;~. Two
types of intercalated cells have been identified. H*-secret-
ing cells possess apical H*ATPase (4, 5) and basolateral
CI-/HCO;~ exchangers (13, 25). A characteristic feature of
these cells is that they exhibit active and rapid endocytosis
of the luminal membrane into acidic cytoplasmic vesicles (1,
5, 14, 26-28). Further, these vesicles can be stimulated
in response to an increase in pCO; to fuse with the apical
membrane, thereby inserting H*ATPases into that membrane

THE renal collecting duct consists of two distinct cell

Abstracts of this work were presented at the 1987 Annual Meeting of the
American Society for Clinical Investigation, San Diego; and at the 1987 and
1988 Annual Meetings of the American Society of Nephrology, in Washing-
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1. Abbreviations used in this paper: BCECF, 2,7-bis-(2-carboxyethyl)-5
(and 6)-carboxyfluorescein; CCD, cortical collecting duct; PNA, peanut
agglutinin; PNA-labeled, peanut agglutinin binding; Rh-BSA, rhodamine-
BSA; 6-CF, 6-carboxyfluorescein.
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(1, 8, 14, 27). The predominant intercalated cell in the CCD
secretes HCO;~ by an apical CI/HCO;~ exchanger, binds
peanut agglutinin (PNA) to apical surface receptors (17, 25,
27, 28), does not have an apical H*ATPase (4, 6) and does
not show apical endocytosis (27, 28).

The use of fluorescent dyes has allowed us to determine
whether the polarity of intercalated cells can be altered by
manipulating the pH of the environment to which they are
exposed (27). Under baseline conditions, the isolated per-
fused rabbit CCD secretes HCO;™ and is comprised pri-
marily of HCO, -secreting cells and few H*-secreting cells
(27). Chronic acid loading of rabbits reverses the direction
of net HCO;~ transport from secretion to absorption and
causes a 10-fold increase in number of H*-secreting cells
and a numerically similar reduction in HCO, -secreting
cells. Since the total number of intercalated cells was not
changed and no mitotic figures were observed, it is unlikely
that cellular proliferation could mediate these changes (27).
Thus, the increase in number of H*-secreting cells proba-
bly occurred at the expense of the HCO; -secreting cells,
thereby mediating the reversal in direction of HCO;~ trans-
port in the CCD (27).

It is the purpose of the present study to focus on the
HCO;-secreting cell and investigate some of the dynamic
cellular changes that occur in response to an acid envi-
ronment.
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Materials and Methods

Studies of Isolated Tubules

Mid-CCDs were dissected from renal medullary rays of New Zealand white
female rabbits (1-2.5 kg) (24, 27, 28) in chilled dissection medium contain-
ing (in millimoles): 145 NaCl, 2.5 KsHPOs, 2.0 CaCly, 1.2 MgSOs4, 4.0
Na lactate, 1.0 Naj citrate, 6.0 L-alanine, and 5.5 glucose, pH 7.4. Tubules
were then transferred to an environmentally controlled specimen chamber,
mounted on concentric pipettes, and perfused at 37°C (26-28).

Fluorescence Assays

Fluorescence assays were performed after an initial 20-min equilibration
period at 37°C in which all tubules were perfused and bathed with an
artificial solution simulating rabbit plasma (Burg's solution) (7, 27, 28) con-
taining (in millimoles): 120 NaCl, 25 NaHCOs, 2.5 K;HPO4, 2.0 CaCl;,
1.2 MgSO4, 4.0 Na lactate, 1.0 Nas citrate, 6.0 L-alanine, and 5.5 glucose;
the pH was 7.4 in 94% 02/6% CO,. Fluorescence labeling of intercalated
cells with the pH sensitive dyes, 6-carboxyfluorescein(6-CF) (Fig. 1 a) and
2,7-bis-(2-carboxyethyl)-5 (and 6)-carboxyfluorescein (BCECF), the apical
surface marker, rhodamine- or fluorescein-PNA (Fig. 1 b), and the en-
docytotic marker, rhodamine-BSA (Rh-BSA) (Fig. 1 ¢) was performed as
previously described (3, 24, 27, 28).

Fluorescence Imaging

The numbers of endocytotic, PNA-labeled, and 6-CF or BCECF positive
cells/millimeter tubular length were examined at 500X in a single, defined
200 pm region of the perfused segment under epi-fluorescence (24, 28).
The fluorescent profile of the apical PNA binding was generally linear (Fig.
1 b), enabling us to measure its length by ocular micrometry; we refer to
this linear profile as a cap and the length as a PNA cap length. This measure-
ment provided an estimate of the number of PNA-binding sites on the apical
membrane of the PNA-labeled cell.

Excitation ratio microfluorometry of fluorescein, 6-CF or BCECF was
used to measure pH in or around the cell. Instead of using a microspectro-
photometer, as previously described (24, 26-28), we performed most
studies with a silicon-intensified target video camera (model No. 66; Dage-
MTI, Inc., Michigan City, IN) attached to the cine port of the microscope.
Fluorescence images were visualized on a monitor (VMI 220; Hitachi
Densi, Ltd., Woodbury, NY), and simultaneously recorded on VHS tape
using a video cassette recorder (VHS Panasonic Omnivision I NV-8950,
Panasonic Industrial Co., Secaucus, NJ).

The video-taped data were subsequently analyzed using a video photo-
metric analyzer (model 204A; Instrumentation for Physiology and Medi-
cine Inc., San Diego, CA) fed into a 2 channel chart recorder. One channel
was used to record the fluorescent light intensity over a window placed on
a PNA cap or within a cell. The other channel monitored background light
intensity in a window of identical size placed at the periphery of the monitor

screen. The signal to background ratio generally exceeded 20:1, when com-
pared to a window of identical size at the periphery of the monitor screen
or to the cells before staining with the pH sensitive dyes.

Cell pH (pH))

PNA-labeled cells are believed to secrete HCO;3~ via apical CI"/HCO;™ ex-
changers. To confirm the presence of these exchangers, we measured the
change in pH; in response to the removal of luminal Cl~ in individually
identified PNA-labeled cells that stained brightly with BCECF or 6-CF.
Tubules were studied initially with Burg’s solution present in lumen and
bath. The luminal perfusate was then replaced with C1™ free perfusate con-
taining (in millimoles): 110 Na gluconate, 25 NaHCO,, 2.5 K;HPO,,
4.0-80 Ca acetate (use of 4 mM or 8 mM calcium did not affect the magni-
tude of the change in pH; in response to the removal of Cl~ [gluconate-
containing solutions]), 1.2 MgSQ,, 4.0 Na lactate, 1.0 Na; citrate, 6.0 ala-
nine, 5.5 glucose, pH 7.4 in 94%0,-6%CO: (27, 28). After 5-10 min,
excitation ratio fluorometry was again repeated. Then, Burg’s solution was
restored to the lumen and, after 5-10 min, postexperimental measurements
were performed; all excitation signals were recorded on videotape.

Transport Studies

CCDs were perfused and bathed in Burg's solution; the perfusion rates were
1-2 nl/min - millimeter tubular length. At least 3 collections of tubular fluid
(6.6 nl each) were obtained during each experimental period for measure-
ment of HCO;™ concentration by microcalorimetry (Picapnotherm, Micro-
analytic Instrumentation, Bethesda, MD) and calculation of net HCO3~
transport (7, 27). Net HCO;™ secretion was identified by a negative flux,
while HCO;~ absorption (equivalent to H* secretion) was denoted by a
positive flux.

Experimental Protocols

Acid feeding of the rabbits was accomplished by nasogastric administration
of a single dose of 15 mEq/kg NH4Cl (which is converted to HCI by the
liver) and limiting the rabbit’s alkaline ash diet but not water to 30 gm/day.
One group of rabbits received twice daily i.p. injections of actinomycin D
(50 pg/kg/d) beginning 2 d before acid feeding (19).

In vitro incubations were accomplished by perfusing the tubules for up
to 5 h in a bath containing DME (Gibco Laboratories, Grand Island, NY)
diluted (1:2) in either the HCO;3 -free dissection medium or in Burg’s solu-
tion, plus 1:300 penicillin and streptomycin (final concentration: 30 U/ml
penicillin and 30 ug/ml streptomycin; Gibco Laboratories), and 3% FCS
in 94% 03/6% CO,. Control incubations were carried out at a HCO:™
concentration of 25 + | mM (pH 7.4 + 0.1) and acidic incubations at a
HCO;™ concentrationof 12 + 1 mM (pH 7.1 + O.1) or 8 + 1 mM (pH 6.9
+ 0.).

At the completion of the incubation, the endocytosis assay was repeated
and the numbers of endocytotically active, PNA-labeled, and doubly labeled

Figure 1. Functional fluorescent dyes in isolated perfused rabbit CCDs. (a) Tubule bathed in 20 uM 6-CF diacetate to identify total number
of intercalated cells (arrows). (b) Characteristic appearance of fluorescein-PNA in the CCD. Tubules isolated from normal animals bound
PNA as a linear apical cap (arrow), or, when viewed en face, a punctate circular surface (arrowhead). (c) Fluid phase endocytosis (arrow)
was evaluated by perfusing tubules with Rh-BSA during removal of ambient CO; (27, 28). Bar, (a and ¢) 30 um; (b) 20 um.
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(PNA-labeled but now showing apical endocytosis) cells were counted in the
same region of CCD.? The length of the fluorescent PNA profile was also
remeasured. Cell viability was assessed by perfusion with 0.1% trypan blue
for 1 min and, in some studies, exposure to 6-CF.

To trace the fate of the apical membrane binding PNA, the pH in the envi-
ronment of the fluorescein-PNA cap was measured after the incubation in
the presence of Burg’s perfusate in lumen and bath. Also, the CI™-
dependent change in pH; of PNA-{abeled cells was used to document the
effects of the prolonged incubation on apical CI"/HCO;™ exchange.?

HCO;™ transport was measured during four periods of study: (a) prein-
cubation baseline net HCOs~ flux; (b) preincubation-stimulated HCO3~
flux (using Cl™-free bath to achieve maximal HCO;™ secretory rates) (27,
30); (c) postincubation baseline net HCO;™ flux; and (d) postincubation
stimulated HCO5™ flux. (Initial 3-h incubations at pH 7.1 failed to reverse
the direction of net HCO;™ transport in isolated perfused CCDs. We there-
fore chose to lower the pH for the acid incubation to 6.9 to maximize the
tubular response.)

Cycloheximide (5 ug/ml) or actinomycin D (1 ug/ml) was added to the
bath in those experiments designed to inhibit protein synthesis or DNA tran-
scription, respectively (10).

Electron Microscopy

CCDs were perfused with 50 ug/ml PNA coupled to peroxidase (arachis
hypogaea, peroxidase, type VI labeled; Sigma Chemical Co., St. Louis,
MO) for 30 min at room temperature. After a 15-min luminal rinse, the seg-
ment was incubated under control or acidic conditions for 2 h. Tubules were
then prepared for transmission EM as previously described (28). Ultrathin
sections (/80 nm) were cut on a microtome (ultracut E; Reichert Scientific
Instruments, Buffalo, NY). Sections were stained with uranyl acetate fol-
lowed by lead citrate and viewed on an electron microscope (1200 EX;
JEOL USA, Cranford, NJ).

Statistics

Results are expressed as mean + SEM (number of animals or cells). Mul-
tiple comparisons of unpaired data were performed using an analysis of
variance plus the multiple range test (24, 29). Significance was asserted if
p < 0.05.

2. Fluorescein PNA staining was well preserved during the prolonged incu-
bations provided the tubules were exposed to a minimal amount of ambient
light. No difference in the apical fluorescent profile was observed when
fluorescein-PNA was reperfused after prolonged incubation at pH 7.4 (data
not shown).

3. Preliminary experiments were performed to determine whether PNA
binding, per se, inhibited CI”/HCO3"~ exchange. To this end, the change in
pH; in response to luminal Cl™ removal was measured in cells labeled with
PNA at the outset of the experiment. Under these experimental conditions,
mean pH; increased by 0.38 + 0.15 pH units, from 7.53 £ 007 t0 7.91 +
009 (n = 6 cells; p < 005), an increase that was not statistically different
from that observed when cells were labeled with PNA after performing the
postincubation pH; measurements.

Results

Remodeling of HCO;s-Secreting Cells by Short Term
In Vivo Acid Feeding

Previously, we had shown that long term acid feeding causes
an increase in number of H*-secreting cells and a concomi-
tant decrease in number of HCO;-secreting cells (27). We
now show that acid feeding as a single dose results in similar
cellular changes within 20 h. When the animals were fed
acid, the concentration of HCOs- in the blood and the pH
of the urine declined within 5 h, but recovered to normal lev-
els by 20 h (Table I).

In CCDs examined 20 h after acid feeding, there was an
increase in number of cells showing apical endocytosis, a
change that was nearly identical to the decrease in number
of PNA-labeled cells (Table I). (We did not systematically
look for doubly stained [endocytotic/PNA-labeled] cells at
the time these experiments were performed.) Moreover,
~50% of the PNA-labeled cells showed fluorescent profiles
of markedly reduced length (<6 um) (Fig. 2). On the other
hand, CCDs isolated from rabbits 5 h after acid loading
showed a small but insignificant increase in number of cells
exhibiting apical endocytosis (Table I).

To test for the presence of apical C1-/HCO;~ exchange in
PNA-labeled cells, we measured the reversible increase in
pH; in response to the removal of luminal Cl-. The incre-
ment in pH; in CCDs taken from normal rabbits was revers-
ible and averaged 0.35 + 0.07 pH units above the baseline
(p < 001, paired ¢ test) (Fig. 3 @), consistent with the pres-
ence of apical CI~/HCOs~ exchangers in PNA-labeled cells.
In CCDs taken from rabbits 20 h after acid feeding, the
change in pH; in response to luminal CI- removal was ex-
amined separately in cells having small PNA profiles (<6
um) and in those having linear PNA caps typical of the un-
treated cells (>8 um) (Figs. 1 b and 2). The increment in
pH. in cells having small PNA profiles was —001 + 0.10 (n
= 8 cells in 5 CCDs) (Fig. 3 ¢) compared with 0.35 + 0.i2
in cells with typical caps (n = 5 cells in 5 CCDs, p < 005)
(Fig. 3 b). Baseline pH, did not differ between cells with
small PNA caps (7.35 + 0.11) and normal caps (7.32 + 0.17,
p = NS). The increase in pH; in cells with typical PNA
caps from acid-loaded and control animals did not differ
(Figs. 3 a and b).

Previously, we found that brief exposure of CCDs to 6-CF
diacetate preferentially labeled intercalated cells (24, 27, 28),

Table 1. Effects of Acid Feeding In Vivo on Isolated Perfused Rabbit Cortical Collecting Ducts

Whole animal data

Cells/mm cortical collecting duct

Plasma HCO:~ Apical Total
Maneuver Urine pH (mM) PNA-labeled endocytotic intercalated*
Control 834+ 0.1(7) 27.5 + 0.8 (6) 152 + 8 (9) 11 £ 6 (7) 15T+ 708
5-h acid fed 46 £ 0.1 (9 17.8 + 1.4 (6)18 129 + 7(4) 29 £ 15 (5) 145 + 6 (5)
20-h acid fed 8.0 £ 0.1 (8) 294 + 0.8 (9 109 + 7 (4% 44 + 6 (B)* 148 + 6 (6)
20-h acid fed 4.7 + 0.1 (5)18 13.8 £+ 2. (5)# 149 + 7 (5)% 13 + 9 (5)8 137 £ 9 (5)

+ Actinomycin D

Mean + SEM; n = number of animals.

* Intercalated cells were identified by preferential staining after a short exposure to 6-CF.

t p < 0.01 compared to control.
§ p < 0.01 compared to 20-h acid fed.

Satlin and Schwartz Remodeling of HCO3; -Secreting Cells
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Figure 2. Fluorescence micrograph of a CCD isolated from a rabbit
20 h after acid feeding and perfused with rhodamine-PNA. Note
the presence of both typical (arrow) and small (arrowhead) PNA-
labeled profiles in this tubule. Bar, 20 um.

and using this method we noted no change in the total num-
ber of intercalated cells after short term acid feeding (Table
I). These results demonstrate that PNA-labeled cells undergo
a remodeling process that includes an induction of apical en-
docytosis, a reduction in number or affinity of PNA binding
sites, and inhibition or degradation of apical CI-//HCOs~ ex-
changers. This remodeling process is slow but occurs well
within 20 h after acid feeding of the rabbits.

Rembdeling of HCO;-Secreting Cells by In Vitro
Incubation in Acidic Medium

To test whether such cellular remodeling is mediated simply
by a low extracellular pH or by hormonal or neural responses

a b c
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Figure 3. The change in pH; of individual PNA-labeled cells in re-
sponse to luminal Cl~ removal. Regular or typical PNA caps were
studied in CCDs isolated from rabbits (@) after no incubation, and
(b) 20 h after acid feeding. Small PNA caps were found only in the
acid-treated group (c). Mean values for each of the three groups are
depicted by the short horizontal lines. Regular PNA caps in both
control and acid fed groups showed an increase in pH; of 0.35 pH
units in response to the removal of luminal Cl~. A significantly
smaller change in pH; (=001 + 0.10) in response to this same ma-
neuver was observed in the group of small caps.
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Table 1I. Effects of Incubation in Acidic Medium on Isolated
Perfused Rabbit Cortical Collecting Ducts

Cells/mm tubule

PNA labeled Apical endocytotic
pre post prell post!
S-h control 139 + 8 133 + 9 (6) 9+3 11 £3(6)
3-h acid 142 + 6 131 + 5@®)% 11 3 36 + 6 (7
5-h acid 147 +4 132 4+6(9* 6+4 31 £+ 3 (12)#
5-h acid + 130+ 11 118+ 11 (9* 5+£5 24+1@4)
cycloheximide

Mean + SEM; n = number of animals.

* p < 0.05 compared to pre value by paired 7 test.

¥ p < 0.01 compared to pre value by paired  test.

§ p < 0.05 compared to control value.

Il PNA-labeled cells showing apical endocytosis were not seen before incu-
bation.

1 Includes cells only showing apical endocytosis plus those PNA-labeled cells
that developed apical endocytosis.

to acid feeding in vivo, we investigated whether cellular
remodeling occurs in CCDs exposed to low extracellular pH
in vitro. By using Rh-BSA as an endocytotic marker and
fluorescein-PNA as a surface marker both before and after
the incubation, we were able to determine whether PNA-
labeled cells could be induced to exhibit apical endocytosis.
After only 3 h of incubation in an acidic medium (pH 7.1),
we found a threefold increase in the number of cells exhibit-
ing apical endocytosis (Table II). This was associated with
a 10% reduction in the number of PNA-labeled cells (Table
II); 28 + 6 of the endocytotically active cells/millimeter of
tubular length simultaneously possessed apical PNA caps
(Fig. 4).* These cells excluded trypan blue and stained in-
tensely with 6-CF (not shown). The increase in number of
cells showing apical endocytosis and decrease in number of
PNA-labeled cells was sustained at 5 h of incubation in acidic
medium (Table II); by this time only 11 + 5 cells/millimeter
were doubly labeled. We found that incubation in acidic
medium had no effect on total number of intercalated cells
(179 + 15 vs. 161 £ 9; p = NS). Time controls showed no
significant changes (Table II).

To test whether decreased apical binding of PNA after acid
treatment is the result of internalization of the PNA recep-
tor-ligand complex, we studied the fate of bound PNA after
short term incubation in vitro. We first measured the length
of the PNA profile in 6-11 cells/CCD to estimate the number
of apical surface binding sites on these cells. Before incuba-
tion this length averaged 100 + 0.5 pum. Incubation in acidic
medium (3 h) caused a significant reduction in length from
the preincubation values (—34.8 + 4.3%) (Figs. 5 a and 6,
a and b). Indeed, PNA caps <4 um in length, appearing as
brightly fluorescent “dots,” were frequently seen after incu-
bation in acidic medium (Fig. 6 c). Incubation at pH 7.4 led
to much smaller changes (Fig. 5 a).

This result suggests that PNA binding sites were being in-
ternalized and even degraded, perhaps in acidic cytoplasmic
compartments. We therefore used the pH sensitivity of fluo-
rescein coupled to PNA to determine whether this marker

4. Although addition of lectins can induce receptor-mediated endocytosis
in other cell systems (11), we do not believe that this is responsible for the
cellular remodeling observed after incubation at low pH. The reason for this
is that perfusion of the lectin failed to induce endocytosis at pH 7.4 (Figs.
5 and 6).
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Figure 4. Fluorescence micrographs of a single CCD perfused in vitro for 5 h under conditions of low ambient pH. a shows endocytosis
of Rh-BSA and (b) fluorescein-PNA binding. Note the doubly stained cells (i.e., endocytotic cells that also possess apical PNA caps) desig-
nated by arrowheads at identical locations in @ and b. Other cells that stain solely with Rh-BSA or fluorescein-PNA, are designated by
asterisks in a and arrows in b, respectively. In b, apical PNA staining appears diffuse in some cells; at higher magnification (not shown),
subapical fluorescence is evident, suggesting that the PNA cap is being removed from the membrane by endocytosis. Bar, 20 um.

entered such a compartment. After 3 h incubation in acidic
medium, the pH in the environment of the fluorescein PNA
was significantly reduced from 7.4 to 6.77 + 0.14 pH units
(Fig. 5 b). The brightly fluorescent PNA “dots” described
above were consistently more acidic, averaging only 6.10 +
0.15 pH units (11 PNA “dots” studied in 5 tubules). Tubules
incubated at pH 7.4 did not show a significant decrease in pH
in the area of the PNA (Fig. 5 b).

Further confirmation of internalization of PNA was docu-
mented by transmission electron microscopy where we found
that after exposure to acidic media abundant membrane
bound reaction product was now seen in numerous endo-
cytotic vesicles (Fig. 7, c and d, arrows); also, some reaction
product was still bound to the apical membrane (Fig. 7 ¢).
In contrast, after incubation at pH 7.4, most of the reaction
product was found on the luminal surface and little in cyto-
plasmic vesicles (Fig. 7, a and b). These results indicate that
PNA binding sites were internalized in response to incuba-
tion at low pH; we cannot as yet determine whether these
sites were subsequently degraded.

pH OF FLUORESCEIN PNA

% DECREASE IN PNA CAP LENGTH

—45 [ *
7.4 7.1
INCUBATION pH

I.r:CUBATlON DH
Figure 5. Effect of 3-5-h incubation (pH 7.4 and pH 7.1) on fate of
PNA caps. (@) Mean decrease in length of PNA profile (apical
length; in micrometers), expressed as the percentage change from
preincubation values. (b) Fluorescein PNA pH measured in the en-
vironment around the PNA at the conclusion of the incubations.
Results are expressed as means (hatched bars) +1 SEM. n = num-
ber of tubules. * p < 0.05 compared to control incubation (pH 7.4).

Satlin and Schwartz Remodeling of HCO3 -Secreting Cells

The apical membrane of HCO, -secreting cells contains
not only PNA binding sites, but also CI-/HCO;" exchang-
ers. To test whether low ambient pH also affects this anion
exchanger, we assessed its function by measuring pH; in
the presence and absence of Cl-. In untreated PNA-labeled
cells, we observed a reversible increase in pH; in every tu-
bule immediately after equilibration (no incubation) (Fig. 8
a). The pH; of PNA-labeled cells averaged 7.40 + 0.10 in
the presence of Cl- (Burg’s solution), increasing by 0.43 +
0.09 pH units to 7.82 + 0.09 (n = 5 tubules; p < 0.01) after
removal of luminal Cl-. The increase in pH; for 15 out of
18 (83 %) cells examined in the five tubules exceeded 0.2 pH
units (Fig. 9 a).

After 3 h of incubation at pH 7.1, the increase in pH; in
PNA-labeled cells in response to Cl- removal from the lu-
men was blunted, averaging only 0.16 + 0.02 pH units; pH;
increased from 7.44 + 0.10 to 7.59 + 0.10 (» = 6 tubules;
p < 0005) (Fig. 8 ¢). This degree of alkalinization was sig-
nificantly less than that observed after 3 h incubation at pH
7.4 or in nonincubated tubules (p < 0.05) (Figs. 8, a and b).

Since not every PNA-labeled cell would be expected to re-
model after only 3 h incubation in acidic medium and the dis-
tribution of individual pH; changes after Cl- removal did
not always appear to be normal (Fig. 9), nonparametric anal-
ysis (29) of the individual cellular responses to luminal Cl-
removal was also performed. After a 3-h incubation at pH
7.4, almost all PNA-labeled cells showed significant Cl-/
HCO;™ exchange; pH; increased by 20.2 pH units in >80%
of these cells (Fig. 9 b), just as observed after no incubation
period (Fig. 9 a). In contrast, after 3 h of incubation in acidic
medium only 6 out of 15 cells (40%) showed an increase in
pH: of 20.2 pH units (X* = 6.22; p < 0025) (Fig. 9 ¢).
Moreover, ranking of the individual cellular responses after
the 3-h incubations demonstrated that acidic incubation sig-
nificantly reduced the magnitude of C1-/HCO;" exchange (p
< 001, Mann-Whitney test).

To determine if exposure to acid and the changes described
above resulted in a reversal of polarity of HCO,~ flux, we
measured net HCOs~ transport in perfused CCDs both be-
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Figure 6. (a and b) Fluorescence micrographs of a single region of a CCD before (a) and after () a 3-h incubation at pH 7.1. Each symbol
identifies a specific PNA cap in a and b. Note the shortening of the fluorescent caps over time. (c) Numerous fluorescent PNA “dots” are
seen in another CCD after incubation in acidic medium. Bar, 20 um.

fore and after exposure to 3-4 h of low pH (pH 6.9) in lumi-
nal and bathing solutions. We found that net HCO;™ trans-
port converted from secretion to absorption (pre: —2.82 +
0.76 pmol/min - millimeter; post: +1.91 + 0.58, p < 0.0.01,
paired ¢ test) (Fig. 10 b). Also, the maximal rate of HCO;-
secretion fell in each of the four tubules (pre: —14.51 + 4.16
pmol/min - millimeter; post: —6.61 + 1.83, 0.05 <p < 0.10,
paired ¢ test) (Fig. 11 b). There was no change in baseline
or maximal rates of HCO;™ secretion after incubation at pH
7.4 (Figs. 10 a and 11 a).

To test the integrity of the perfused epithelium, we mea-
sured transepithelial voltage (26) generated by the CCD be-
fore and after the long incubation. Control tubules averaged
—11 + 3 mV before and —13 + 2 mV after the 3-4-h incuba-
tion at pH 7.4 (mean change = 2 + 3 mV; n = 8, p = NS).
Similarly, tubules averaged —6 + 1 mV before and —6 +
2 mV after the incubation at pH 7.1 (mean change = 0 +
2 mV, n = 11, p = NS). Further, the integrity of the tight
junctions between cells was evident at the electron micro-

scopic level (Fig. 7 c). These results suggest that tight junc-
tions remain intact in the CCD throughout the experiment.

Effect of Protein Synthesis Inhibitors on
Cellular Remodeling

The responses described above are pleiotropic and include
inhibition or degradation of CI"/HCO;- exchangers, induc-
tion of apical endocytosis, and internalization of PNA bind-
ing sites. To test whether these complex responses require
de novo protein synthesis, we tested the effects of cyclohexi-
mide and actinomycin D on some of these changes. We mea-
sured endocytosis by perfusing with Rh-BSA and found that
whereas acidic incubation in vitro stimulated apical endocy-
tosis, concomitant exposure to cycloheximide completely
blocked the endocytotic response (Table II). Similarly, ac-
tinomycin D given to the animals prevented the induction of
apical endocytosis resulting from acid feeding (Table I). We
were unable to use actinomycin D in vitro because of cell

Figure 7. Transmission electron micrographs of intercalated cells in CCDs perfused with peroxidase lectin and incubated for 2 h at pH
7.4 (a and b) and pH 7.1 (c and d). Intercalated cells are characterized by numerous mitochondria, the absence of basolateral infoldings,
and a microvillated surface (15, 20, 32). Both intercalated cells retain electron dense PNA label on their luminal surfaces. Very little reaction
product is seen in the cytoplasm of the intercalated cell incubated at pH 7.4 (a and b) whereas abundant electron-dense material is observed
throughout the cytoplasm in the cell exposed to low pH (c and d). In d, after acidic incubation, peroxidase lectin is seen to be present
in membrane bound endocytotic vesicles (arrows). Bar, (a and ¢) 1.0 um; (b and d) 0.5 pum.
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Figure 8. Effect of luminal CI~ removal (—Cl) on pH; of PNA-la-
beled cells in CCDs exposed to (a) no incubation, pH 7.4, (b) 3-h
incubation, pH 7.4, and (c) 3-h incubation, pH 7.1. Each line con-
nects the mean measurements for all PNA-labeled cells examined
in a given tubule.

sloughing that was regularly seen 2-3 h into the incubation.
We cannot explain the observation that actinomycin D did,
and cycloheximide did not, prevent the decrease in number
of PNA-labeled cells (Tables I and II). It is interesting to note
that actinomycin D-treated animals fed acid were unable to
excrete the acid as well as acid-fed animals that did not re-
ceive this inhibitor (Table I), suggesting that the reversal of
polarity of HCO,~ transport plays a critical role in regulat-
ing acid-base balance. These results indicate that the com-
plex cellular response to acid treatment requires the synthe-
sis of one or several proteins.

Discussion

The response of the CCD to in vivo acid loading includes an
increase in number of cells active in apical endocytosis
(H*-secreting cells) and a numerically similar reduction in
number of PNA-labeled (HCO; -secreting) cells. These re-
sults indicate that the reversal in direction of net transport
in the CCD from that of HCO;~ secretion to that of HCO;~
absorption (equivalent to H* secretion) (18, 21, 22, 27), ob-
served in response to in vivo and in vitro acid treatment is

a b c
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0.2 o © g
—04L
HR INCUBATION 0 3 3
pH MEDIUM 7.4 7.4 7.1

Figure 9. The change in pH; of individual PNA-labeled cells in re-
sponse to luminal C1~ removal. Collecting ducts were exposed to
(a) no incubation, pH 7.4; (b) 3-h incubation, pH 7.4; and (c) 3-h
incubation, pH 7.1. Mean values for each of the three conditions
are depicted by the horizontal lines. Note that most of the PNA-
labeled cells (>80 %) studied at pH 7.4 {(a and b) showed an increase
in pH; of 20.2 pH units in response to the removal of luminal CI-.
(¢) Only a minority (40%) of cells studied after incubation at low
pH showed this degree of alkalinization in response to the same ma-
neuver.
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Figure 10. The effect of 3-4 h (a) control (pH 7.4) and (b) acid (pH
6.9) incubations on baseline net HCO;™ transport (pmol/min-mm)
in isolated perfused CCDs. “Pre” values denote the HCO;™ trans-
port rates in individual tubules before the incubation; “post” values
for the same CCDs were obtained after the incubation. Baseline
HCO;™ transport measurements were performed with Burg’s solu-
tion present in lumen and bath. Each symbol represents data from
a single CCD.

mediated in large part by an increase in number and/or activ-
ity of H*-secreting cells at the expense of a decrease in
number and/or activity of HCO, -secreting cells.

We suggest that remodeling of the PNA-labeled cell repre-
sents an initial process involved in the conversion of some
HCO;™-secreting cells to H*-secreting cells. At a minimum,
for a HCO, -secreting cell to reverse its functional polarity
to become that of an H*-secreting cell, the following cellu-
lar changes must occur: C1~/HCO;~ exchangers must be re-
moved from the apical membrane, newly synthesized band
3-like CI-/HCO;~ exchangers need to be inserted into the
basolateral membrane, and H*ATPases must be removed
from the basolateral membrane and be inserted into the api-
cal membrane. Thus far, we have shown that acid treatment
reduced apical C1-/HCO;- exchange and induced apical en-
docytosis. We propose that the induction of apical endocyto-
sis in remodeling PNA-labeled cells reflects the insertion of
H*ATPases into the apical membrane, because the cyto-
plasmic vesicles that acidified the fluorescein-PNA now have
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Figure 1. The effect of 3-4 h (a) control (pH 7.4) and (b) acid (pH
6.9) incubations on maximal net HCOs™ transport (pmol/min-mm)
in isolated perfused CCDs. “Pre” values denote the HCO;™ trans-
port rates in individual tubules before the incubation; “post” values
for the same CCDs were obtained after the incubation. Maximal
HCOs™ transport measurements were achieved with Burg’s solu-
tion present in lumen and CI- free perfusate in the bath (27, 30).
Each symbol represents data from the same CCDs depicted in
Fig. 10.
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access to the luminal fluid. Since the total number of interca-
lated cells did not change after acid treatment, yet the direc-
tion of net HCO;~ transport reversed, HCO, -secreting
cells must have remodeled to form H*-secreting cells.
Clearly, immunocytochemical studies are needed to show
that an apical H*ATPase and basolateral CI-/HCO~ ex-
changer are now present on the newly remodeled cell.

The nature of the apical glycoprotein that binds PNA and
its precise relationship to the apical CI'/HCO;" exchanger,
if any, remains unclear. The basolateral, but not the apical,
anion exchange protein is immunocytochemically similar to
erythrocyte band 3 (13, 25); however, basolateral PNA bind-
ing has not been demonstrated in intercalated cells of the rab-
bit kidney (17, 25), indicating that the PNA binding protein
is not band 3. The apical exchanger may be related to band
3, because several mRNA transcripts can be identified by
probing kidney RNA with a band 3 cDNA at low stringency
2).

What is the signal that induces internalization of the PNA
cap and inactivation/removal of apical C1-/HCO;~ exchang-
ers? That this remodeling occurred in vitro indicates that it
was not attributable to neural, humoral, or other changes in-
duced by acid feeding in vivo. Rather, an alteration of the
cellular milieu mediated these changes. Specifically, CO,
causes an intracellular acidosis that in turn elevates cell cal-
cium, resulting in exocytosis of proton pumps (8, 31). In the
present experiments, a transient intracellular acid load re-
sulting from the reduction of ambient HCQO;~ concentration
may have increased cell caicium, in turn changing cytoskele-
tal organization and stimulating cellular remodeling. On the
other hand, a low cytoplasmic pH inhibits endocytosis and
transport from the Golgi network (9). Therefore, it is in-
teresting to note that the steady state pH; in PNA-labeled
cells tended to be higher after incubation in acidic medium
compared to after control incubation (Figs. 8, b and c). Inac-
tivation of apical Cl-/HCO;~ exchange may have caused a
rise in PNA-labeled cell pH; as H* pumping continued at
the basolateral membrane and generated intracellular base.
Further, the results of the protein synthesis inhibitors indi-
cate that the process of remodeling is complicated and may
require the synthesis of one or more proteins.

Of course, it is conceivable that cells do not change polar-
ity, but that the function of HCO; -secreting cells is inhib-
ited, whereas that of H*-secreting cells is greatly stimulated.
Experiments to document that newly endocytotically active
cells secrete H* are necessary to address this question.

The observation that the direction of epithelial HCO,~
transport can be altered in response to an environmental
stimulus provides a potential system for learning more about
the developmental biology of such transport systems. For ex-
ample, the removal of an anion exchange protein from the
apical membrane and insertion of a slightly different anion
exchanger (with a different signal sequence) into the baso-
lateral membrane in response to acidic conditions may reveal
much about the development of cell polarity. Finally, remod-
eling of the PNA-labeled cells described here may help us
to understand more about intracellular sorting of specific
transport proteins (H* pumps, CI"/HCO;~ exchangers) to
the apical or basolateral membranes.
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