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Abstract. The effect of in vivo respiratory acidosis for 4 and 48 hr was examined in the 
turtle bladder by placing turtles in hypercapnic chambers. Blood pH was significantly 
lowered and pC0, was significantly elevated over control values both at 4 and 48 hr, 
while blood bicarbonate was only increased after 48 hr. In vitro rates for H+ secretion 
determined by the reverse short-circuit current were significantly greater in bladders 
from 48 hr of respiratory acidosis than those of controls (27.3 f 2.7 vs 20.6 f 1.7 rA,  P 
< 0.05). In vitro rates for HC0,- secretion determined by pH stat were not altered. 
Fluorescence microscopy was used to study cell morphology. The number of carbonic 
anhydrase cells (corrected for the total number of cells) as determined by four different 
fluorescence stains (6-carboxyfluorescein, rhodamine 123, acridine orange, and 3,3’- 
diethyloxacarbocyaninine iodide) was increased both after 4 and 48 hr of respiratory 
acidosis. However, the number of HC0,--secreting ( f l  subtype) carbonic anhydrase cells, 
determined by a probe for the anion exchanger, NBD-taurine, was not increased. In vHro 
1% CO, for 4 hr also resulted in an increase in H+ secretion and in the number of 6- 
carboxyfluorescein-positive cells, both of which could be blocked with SITS pretreat- 
ment. We conclude that CO, changes the mucosal cells more toward the carbonic 
anhydrase phenotype, and that if NBD-taurine accurately identifies the f l  cells, that the 
adaptation produces or recruits more a-carbonic anhydrase cells. 

[P.S.E.B.M. 1990, Vol1951 

espiratory acidosis results in increased renal acid 
secretion and generation of bicarbonate. The R adaptation is thought to occur, at least in part, 

in the distal nephron but the mechanism responsible is 
still largely unknown (1,2). The turtle bladder has been 
used as an analog of mammalian distal nephron and 
acidification by this membrane is enhanced by C02 (3- 

The turtle bladder epithelium is composed of two 
major cell types (6, 7). The great majority are granular 
cells, postulated to be responsible for sodium transport 
(7). Most of the remaining cells, corresponding to the 
intercalated cells of the distal tubule and the mitochon- 
dria-rich cells of the toad bladder, are rich in carbonic 
anhydrase (8-10) and are postulated to be the source 
of acid and bicarbonate secretion ( 1 1, 12). Ultrastruc- 
tural studies have defined two subpopulations of car- 
bonic anhydrase cells based on apical membrane char- 
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acteristics (12) and suggest that the one subtype (a)  
secretes hydrogen and the other subtype (p), with re- 
versed polarity of its membrane elements, secretes bi- 
carbonate. 

Studies of the mechanisms on adaptation of this 
epithelium to chronic hypercapnia have been limited. 
Insertion of H+ pumps into the apical membrane by 
exocytosis and a role for intracellular pH have been 
demonstrated in response to acute COz stimulation and 
correlates very closely to the increased rate of acidifi- 
cation by this epithelium ( 13- 16). Moreover, by freeze- 
fracture electron microscopy, the a-carbonic anhy- 
drase-rich cells have been demonstrated to respond to 
a high C02 tension by change in apical membrane 
characteristics and increased surface area, and this has 
been proposed to be associated with the insertion of 
proton pumps and increased acid secretion (12). An 
increased number of proton pumps per cell could be 
responsible for the adaptation to respiratory acidosis in 
the chronic state as well. Alternatively, there could be 
an increase in the number of a-carbonic anhydrase 
cells. In support of this hypothesis is the demonstration 
that in chronic metabolic acidosis, there is an increased 
number of mitochondria1 rich cells both in the toad 
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bladder and in the turtle bladder ( 17, 18). In this study 
we report on the adaptive changes in transport activity 
of the turtle bladder in response to acute (4 hr) and 
chronic (48 hr) respiratory acidosis and on the changes 
in turtle bladder cell morphology as determined by 
fluorescence microscopic probes which allow us to ex- 
amine numerous experimental conditions. 

Materials and Methods 
Turtles used were Pseudemys scripta elegans ob- 

tained from Mogul, Oshkosh, WI. When a state of 
acute or chronic respiratory acidosis was desired, it was 
induced by placing the turtles in hypercapnic chambers 
(10% C02 in compressed air) for 4 or 48 hr, respectively. 
To confirm a state of respiratory acidosis, arterial blood 
was collected by cardiac puncture for measurement of 
pH and pC02 immediately after the turtle was killed. 
IJrine was also collected from the bladder for measure- 
ment of pH, pC02, and ammonia. The blood bicarbon- 
ate concentration was calculated from the pH and 
pC02. Ammonia was measured according to the Ber- 
thelot method. 

In vitro H+ or HC03- secretion was determined in 
Madders from control turtles and turtles with 4 hr or 
418 hr of hypercapnia. Hemibladders were mounted on 
IJssing chambers and hydrogen ion secretion was de- 
termined by the reverse short-circuit current technique 
and HC03- secretion by the pH stat technique as 
described previously (19). In experiments where acidi- 
fication was measured, the two sides of the bladder were 
bathed in bicarbonate-free Ringer’s solution containing 
the following composition (in millimoles/liter): sodium 
chloride, 1 14.4; potassium chloride, 3.5; dibasic sodium 
phosphate, 2.0; dextrose, 5; magnesium chloride, 0.5; 
and calcium chloride, 1.8 (pH 7.4; osmolality 249 
rnosmol/kg H20). Bladders that failed to maintain an 
initial resistance of greater than 400Q cm2 were dis- 
carded. Thereafter, ouabain (1 x M )  was added 
to the serosal solution and the bladders were short 
circuited throughout the experiment except for brief 
periods during which the potential difference was meas- 
ured. One hour was allowed for stabilization of the 
reverse short-circuit current and then the effect of 1% 
serosal C02  was determined over 30 min. 

In the experiments where the rate of alkali entry 
into the mucosa was measured, the pH stat technique 
was used, with 0.01 N hydrochloric acid as the titrant. 
In these experiments, two Ringer solutions with iden- 
tical chloride concentrations and osmolalities were 
used. The first Ringer solution was the control solution 
and contained the following (in mmol/liter): sodium 
sulfate, 13.3; sodium chloride, 54.4; choline chloride, 
40; potassium chloride, 3.5; magnesium chloride, 0.5; 
dlibasic sodium phosphate, 2.0; calcium chloride, 1.8; 
and dextrose, 5 (pH 7.4; osmolality, 236 mosmol/kg 
H20). The second bicarbonate Ringer solution con- 

tained sodium bicarbonate, 20; sodium chloride, 54.4; 
choline chloride, 40; potassium chloride, 3.5; magne- 
sium chloride, 0.5; dibasic sodium phosphate, 2.0; cal- 
cium chloride, 1.8; and dextrose, 5 (pH 8; osmolality, 
236 mosmol/kg H20). In these experiments, the blad- 
ders were mounted and bathed with the control Ringer 
solution. The pH of the serosal solution was maintained 
at 8, whereas the pH of the mucosal solution was 
lowered below 5 with hydrochloric acid. The pH of the 
mucosal solution at which net hydrogen ion secretion 
became zero was determined (end point). This value 
was determined when the pH of the mucosal solution 
remained stable, at which point the net movement of 
either acid or alkali was not detectable (<0.075 pmol/ 
hr) ( 19). Usually, 3-4 hr were required for the end point 
value to be achieved. After the end point was achieved, 
the serosal solution was replaced with bicarbonate Ring- 
er’s solution, and the rate of 0.01 N hydrochloric acid 
required to maintain the pH at the end point level was 
measured. Only rates of bicarbonate secretion that re- 
mained stable for at least 30 min were analyzed. 

Determination of the Percentage of Carbonic 
Anhydrase Cells by Fluorescence Microscopy. Par- 
allel experiments using fluorescence microscopy were 
performed in the corresponding hemibladders to deter- 
mine any changes in the number of acid-secreting cells 
with respiratory acidosis. The hemibladders were di- 
vided into four to six 1-cm2 sections, mounted (mucosa 
up) unstripped across pipette tips (diameter, 0.6 cm), 
and then placed in PO4 turtle Ringer’s on ice until used. 
Care was taken so that the mucosal surface was handled 
as little as possible and that staining was done within 5 
min of excision of the tissue. In unstained bladders no 
autofluorescence was observed. Fluorescence stains 
were dissolved in turtle Ringer’s (pH 7.40 unless stated 
otherwise) and added to the mucosal surface. Acetazol- 
amide ( M )  dissolved in turtle Ringer’s was added 
to the mucosal surface 60 rnin before staining with 6- 
carboxyfluorescein diacetate. 

Table I summarizes the fluorescence probes used 
to quantify turtle bladder cells. Acridine orange staining 
was done as described by Graber et al. (8) by exposing 
the bladders to 100 pM for 1 min. Acridine orange is a 
fluorescent probe that partitions across membranes ac- 
cording to pH gradient. As the concentration of the dye 
changes, its emission wavelength shifts. It accumulates 
in acid areas and appears red, whereas it appears green 
in more alkaline areas. Rhodamine 123 (20 pg/ml for 
90 min) is a fluorescent mitochondria1 dye which results 
in bright red staining of the “mitochondria-rich” cells 
(8, 20). 6-Carboxyfluorescein diacetate (35 pM for 30 
sec, pH 6.20) is a fluorescent stain in which trapping of 
the dye is dependent on the presence of active carbonic 
anhydrase enzyme activity (8, 18). Mucosal staining 
with 6-carboxyfluorescein for 30 sec results in the ap- 
pearance of bright green cells with very little back- 
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Table 1. Fluorescence Probes Used to ldentifv Acid- and Alkali-Secreting Turtle Bladder Cells 
~ ~~ 

Stain Probable mechanism Appearance Cells identified 

Acridine orange pH Sensitive, accumulates in Reddis h-orange Carbonic anhydrase cells 

3,3’-DiOC2 Potential-sensitive, binds en- Bright red cyto- Carbonic anhydrase cells 
acid areas vesicles 

doplasmic reticulum and plasm 
mitochondria 

Rhodamine 123 Mitochondria1 dye Red cytoplasm “Mitochondria1 rich” cells 
6-CF pH-sensitive, accumulates Bright green Carbonic anhydrase cells 

NBD-taurine Substrate for anion ex- Bright green Mucosal @-subtype carbonic 

Ethidium bromide Binds DNA Bright red nu- Total cell counts 

by hydrolysis with car- cytoplasm 
bonic anhydrase 

change cytoplasm anhydrase cells 

clei 

ground uptake. The potential sensitive cationic dye, 
3,3’-diethyloxacarbocyaninine iodide (3,3’-DiOC2), 
has also been used to identify the mitochondria1 rich 
cells of the turtle bladder (8). This dye, like other 
permeant cationic fluorescent probes, selectively accu- 
mulates in mitochondria of living cells and is dependent 
on high transmembrane potential maintained by func- 
tional mitochondria (20, 2 I ) .  Mucosal staining with 
3,3’-DiOC2 (25 pg/ml for 4 min) also resulted in the 
appearance of brightly stained cytoplasm in a minority 
of the total cell population. NBD-taurine (100 pLM for 
2 hr) is a fluorescent probe shown previously to bind 
to the anion exchanger of red cells (22). For this stain 
hemibladders were mounted in Ussing chambers and 
the stain was added only to the mucosal side to prevent 
staining of the anion exchanger on the serosal surface 
of the a cells. After staining, the tissue was washed three 
times in fresh turtle Ringer’s and the tissue subsequently 
mounted on pipette tips for fluorescence microscopy. 

Microscopy was carried out with a Nikon Diaphot 
microscope equipped with epifluorescence capability. 
Acridine orange, 6-carboxyfluorescein, and NBD-tau- 
rine were observed under excitation set at 460-485 nm 
and emission at 5 1 5 nm. Rhodamine 123 and ethidium 
bromide were observed by excitation set at 535-550 
nm and emission at 580 nm. For each stain, four to 
eight random fields were photographed by means of a 
35-mm camera with high-speed (ASA = 400) Ekta- 
chrome film. Each tissue was subsequently standardized 
to the total numbers of cells per field by restaining with 
the nuclear stain ethidium bromide (23, 24) (100 pA4 
for 60 min) and again taking four random photographs. 
Acid-secreting cells and total cell counts were later 
scored on randomized slides by four persons having no 
knowledge of the experimental conditions to which the 
turtles had been exposed. 

In Vitro Stimulation with CO,. The effect of in vitro 
hypercapnia on acid secretion and cell morphology was 
investigated. Bladders were hemisected and 1 -cm pe- 
ripheral portions taken from each hemibladder for de- 

termining baseline-positive fluorescence staining with 
6-carboxyfluorescein or NBD-taurine. The bladders 
were then mounted on lucite chambers and baseline 
rates for acid secretion determined as described previ- 
ously. Bladders were then bathed in Ringer’s gassed 
with 100% compressed air which was maintained for 4 
hr (controls). The other hemibladder was gassed with 
compressed air followed by I %  serosal COz for 4 hr. 
After this period of time, the bladders were removed 
from the chamber and peripheral sections were again 
obtained for staining with 6-carboxyfluorescein or 
NBD-taurine as described previously. 

Results 
Validation of Fluorescence Probe Specificity. 

Figure 1 shows the typical appearance of the bladder 
epithelium from control (A) and hypercapnic (B) turtles 
after staining with the nuclear fluorescence probe ethid- 
ium bromide. All cells were easily identified and 
counted by the four observers with less than 10% 
variability. The average number of cells per photograph 
determined by this technique was not different between 
control and hypercapnic turtle bladders. The vast num- 
ber of turtle bladder cells (80-90%) were granular in 
appearance and were not believed to play a significant 
role in acid or alkali secretion. Carbonic anhydrase-rich 
cells made up 10-20% of the total cell population and 
were made up of two subpopulations or cell types. The 
a type is believed to be responsible for acid secretion 
and would be the expected population of cells to be 
increased under hypercapnic conditions. The P type of 
carbonic anhydrase cells is believed to play a role in 
bicarbonate secretion and likewise would not be ex- 
pected to be increased under these conditions. To test 
this hypothesis, we stained the mucosa of turtle bladders 
from control and hypercapnic turtles with several dis- 
tinct probes for the carbonic anhydrase cells and with 
the fluorescence probe specific for the anion exchanger, 
NBD-taurine (Table 1). Figure 2A demonstrates the 
typical appearance of a control bladder stained with 6- 
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Figure 1. Appearance of turtle bladders from control (A) and hyper- 
capnic (B) turtles stained with ethidium bromide (100 pM for 60 min) 
unlder fluorescence microscopy (excitation 535-550 nm, emission 
580 nm; original magnification x400). The cells out of focus cells in 
A iire not mucosal cells. 

carboxyfluorescein. The brightly green-stained cells 
were consistently seen in only a minority of the total 
cells per field as would be expected for carbonic anhy- 
drase cells. Moreover, in paired bladders which were 
preincubated for 1 hr with the carbonic anhydrase 
enzyme inhibitor, acetazolamide ( 1 0-3 M ) ,  before stain- 
ing with 6-carboxyfluorescein, this characteristic stain- 
ing was completely abolished (Fig. 2B). 

Rhodamine 123 is a cationic fluorescent probe at 
physiologic pH which has been used for localization of 
mitochondria in living cells (20, 21). The staining by 
rhlodamine 123 is thought to be related to the high 
negative electric potential across mitochondrial mem- 
branes and therefore would be expected to stain the 
mitochondrial rich cells (carbonic anhydrase cells) with 
special intensity (20). Bladders that were double stained 
with 6-carboxyfluorescein and rhodamine and then 
observed under different excitation and emission wave- 
lengths revealed a close correlation in the identification 
of positively stained cells by these two probes (Fig. 2C 
and D). The identification of positive cells with rhoda- 
mine 123 was the least distinctive, because with very 
short incubation cells stained only faintly whereas with 

longer incubation time all cells demonstrated some 
positive fluorescence. Thus, only the brighter cells were 
counted as “positively stained,” and this correlated 
closely with positive cells seen with 6-carboxyfluores- 
cein. Acridine orange was used to quantify carbonic 
anhydrase cells because of its property of concentrating 
in acidic vesicles and appearing bright reddish orange. 
These areas of red fluorescence can be rapidly dissipated 
by NH,Cl solution at pH 8.0 (18), indicating they 
represent accumulation of acridine orange in intracel- 
Mar vesicles of low pH. Figure 4E is a representative 
photograph of the acridine orange-stained bladder cells 
from a control bladder. The pattern of heavy concen- 
tration of red-orange pockets was seen only in a small 
percentage of cells, as would be expected if only car- 
bonic anhydrase cells were identified. Figure 4G illus- 
trates the typical appearance of a control turtle bladder 
stained with the potential sensitive catonic dye, 3,3’- 
DiOC2. The positively stained bright red cells again 
were only a minority of the total cells per field and 
resembled cells stained by 6-carboxyfluorescein or rho- 
damine, suggesting that a group of cells, probably the 
carbonic anhydrase cells, were preferentially stained. 

To quantify the subset of carbonic anhydrase cells 
that secrete bicarbonate (0 type), we stained the mu- 
cosal surface with the fluorescence probe for the anion 
exchanger, NBD-taurine. As shown in Table 11, addi- 
tion of mucosal NBD-taurine ( M )  for 2 hr resulted 
in a significant inhibition of the rate of bicarbonate 
secretion. The effect of NBD-taurine was specific, as 
acid secretion was not affected. Apical staining with 
NBD-taurine for 2 hr resulted in the appearance of 
faintly green cells by fluorescence microscopy. When 
paired tissues from the same bladder were stained with 
NBD-taurine, NBD-taurine-positive fluorescence was 
present in roughly 50% of cells of the total number of 
cells stained with 6-carboxyfluorescein. This supports 
the claim that only a subset of carbonic anhydrase cells 
is being identified. The difference between the total 
number of carbonic anhydrase cells, (6-carboxyfluores- 
cein-positive cells, 5.7 f 0.3%) and the number of 
cells (NBD-taurine-positive cells, 3.4 k 0.1 %) allows an 
indirect means of estimating the number of H+ secret- 
ing cells (a-carbonic anhydrase cells, 2.2 f 0.3%). 

Effect of In Vivo Respiratory Acidosis. Turtles 
placed in hypercapnic chambers for 4 hr or 48 hr had 
a significant elevation in their blood pC02 and a de- 
crease in blood pH as compared with control turtles, 
although the decreased pH no longer reached signifi- 
cance by 48 hr because of a larger standard deviation 
(Table 111). As can be seen in Table 111, the blood 
bicarbonate concentration was increased above that of 
control turtles in the chronic state (35.3 f 2.0 vs 25.7 
f 1.4 mEq/liter, P < 0.0005). Furthermore, only the 
chronically hypercapnic turtles had a significantly lower 
urine pH ( P  < 0.05) and higher urine ammonia con- 
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Figure 2. Appearance of turtle bladders from control turtles under fluorescence microscopy (original magnification ~ 4 0 0 ) .  6-Carboxyfluorescein 
alone (A) or 6-carboxyfluorescein after preincubation with acetazolamide (1 0-3 M )  for 1 hr (B). Same field photographed after coincubation with 
6-carboxyfluorescein and rhodamine 123, excitation 460-485 nm (C) and excitation 535-550 nrn (D). Paired tissue from same bladder stained 
with 6-carboxyfluorescein (E) or NBD-taurine (F). 

centration ( P <  0.05) as compared with controls (Table 
111). Thus, a significant degree of metabolic compensa- 
tion to hypercapnia is evident only in the chronic state. 

Bladders from turtles exposed to 4 hr of hypercap- 
nia tended to have an increase in the rate of hydrogen 
secretion in vitro over that of controls, but this did not 
achieve statistical significance. Figure 3 shows that blad- 
ders from chronically hypercapnic turtles had signifi- 

cantly higher rates of hydrogen secretion (both at base- 
line and after stimulation with 1 %  serosal CO, for 30 
min) than did bladders from control turtles. despite 
similar in i'irro conditions. HC03- secretion. however. 
was not different between bladders from control and 
hypercapnic turtles (1.5 t 0.5 vs 1 . 1  * 0.2 pmole/hr). 
indicating a selective effect of respiratory acidosis on 
H' secretion. 
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Table II. Effect of Mucosal Addition of NBD-Taurine 
on Bicarbonate and Proton Secretion in Two Different 

Sets of Hemibladders" 

NBD-Taurine ' (1 0-4 M) Secretion Basal 

HCO;' (prnol/hr) 0.79 f 0.08 <0.001 0.41 f 0.09 
Acid" (wA) 27.9 f 3.9 NS 27.7 f 4.0 

"Values are mean * SE. Acid secretion and HCO, secretion was 
determined in two different sets of hemibladders from normal turtles. 
"= i ' ,  
c n  = 12. 

Quantification of the Acid-Secreting Cells with 
Acridine Orange, Rhodamine 123, 3,3'-DiOC2, and 
6-Carboxyfluorescein Diacetate. Figure 4 is a repre- 
sentative photograph of control (left) and hypercapnic 
(right) turtle bladders stained with 6-carboxyfluorescein 
(4A and B), rhodamine 123 (4C and D), acridine orange 
(4E and F), and 3,3'-DiOC2 (4G and H). Hypercapnia 
resulted in an increase in the number of positively 
stained cells with each of these independent probes. 
The mean number of 6-carboxyfluorescein-positive 
cells increased from 5 f 1 % in control bladders to 13 
f 3% after 4 hr of hypercapnia and to 15 f 2% after 
48 hr of hypercapnia (Table IV). The results with 6- 
carboxyfluorescein paralleled the results with the other 
three probes; however, the percentage of positive cells 
identified by this probe was lower both in hypercapnic 
and controls. Rhodamine 123-positive staining in- 
creased from 10 f 1 % in control turtle bladders to 17 
& 4% in bladders from 4 hr of hypercapnia ( P  < 0.05) 
and to 20 f 4% in bladders from 48 hr of hypercapnia 
( P  c 0.025) (Table IV). Figure 4E and F represent 
photographs after staining with acridine orange. In 
hypercapnic turtles (right), there is a dramatic increase 
in the apparent number of cells containing red granules. 
The presence of acridine orange-positive cells appeared 
in clusters in different areas of the bladder. Table IV 
shows that there was a significant increase in the per- 
centage of acridine orange-positive cells from 1 1 & 3% 
in control bladders to 20 f 3% in bladders after 48 hr 

of in vivo hypercapnia ( P  < 0.05). The mean percentage 
after 4 hr of hypercapnia also increased to 15 f 2%; 
however, this increase did not reach statistical signifi- 
cance. 

Representative photographs of 3,3 '-DiOC2-stained 
bladders from a control and hypercapnic turtle are seen 
in Figure 4G and H, respectively. The appearance of 
bright red cytoplasm in a minority of cells was easily 
detectable under fluorescence microscopy utilizing the 
"green" filter block. As with the acridine orange-stained 
cells, 48 hr of hypercapnia resulted in a noticeable 
increase in the number of positively stained cells per 
field. From Table IV, the percentage of 3,3'-DiOC2- 
positive cells increased from 11 f 1 % in control blad- 
ders to 18 f 3% after 48 hr of hypercapnia ( P  < 0.01). 

Finally, the percentage of NBD-taurine-positive 
cells was less than 5% under control conditions and 
was not different in bladders from chronic hypercapnic 
turtles (Table IV). 

Effect of In Vitro C02 on Turtle Bladder Cell 
Morphology Determined by 6-Carboxyflurescein and 
NBD-Taurine. There was a 2-fold increase in the rate 
of H+ secretion in vitro over 4 hr of 1% serosal COz 
stimulation from a baseline current of 17.0 f 1.5 pA 
to 39.6 & 5.0 pA ( P  < 0.005) (Fig. 5, left). There was 
no significant increase in H+ secretion in control blad- 
ders bubbled with compressed air only (Fig. 5, left). 
The middle of Figure 5 shows the change in the number 
of 6-carboxyfluorescein-positive cells before and after 
gassing with 1% CO, or with 100% compressed air. 
Bladders stimulated with 1% C02  had a 2.5-fold in- 
crease from a baseline value of 5.0 & 0.8% to 14.7 f 
2.6% ( P <  0.02). Bladders exposed to 100% compressed 
air had a small but significant increase in 6-carboxyflu- 
orescein-positive cells, from 6.9 & 0.1 to 9.0 & 1.2% ( P  
< 0.05). However, this increment was significantly less 
than the increment in 6-carboxyfluorescein-positive 
cells with 1 % C02 ( P  < 0.0 1). In contrast to the dra- 
matic increase in 6-carboxyfluorescein-positive cells 
after 4 hr of in vitro 1% CO,, neither 1% CO, nor air 
had an effect on the percentage of NBD-taurine-positive 
cells (Fig. 5 ,  right). 

Table 111. Blood and Urine Data from Control and HvDercaDnic Turtles' 

Control 
4-Hr 48-Hr 

respiratory respiratory 
acidosis acidosis 

Blood pH 7.38 f 0.02 7.24 f 0.01 7.25 f 0.18 
Blood pC0, (rnrn Hg) 44.4 f 1.0 70.9 f 5.1 82.5 & 3.0b 

Urine pH 6.97 f 0.08 6.57 f 0.42 5.23 f 1.25" 
Urine NH2 (rnM) 1.6 f 0.2 1.5 f 0.3 2.9 f 0.7" 

Blood HCO; (rnEq/liter) 25.7 f 1.4 29.3 k 1.7 35.3 f 2.0b 

Values are mean rt SE, n = 6-1 5 observations. 
Significantly different from controls at P < 0.001, 
Significantly different from controls at P < 0.05. 
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to the specificity of this probe (8, 18). That the number 
of 6-CF-positive cells increases with metabolic acidosis 
(1 8) or in response to 1 % C 0 2  in this study provides 
further support for specific staining of CA cells. Rho- 
damine 123 identifies CA cells because its staining is 
dependent on increased mitochondria1 activity. In the 
present study, we have demonstrated a close correlation 
between 6-CF-positive and rhodamine-positive cells in 
double-labeling experiments and previously we have 
demonstrated parallel increases in the number of rho- 
damine-positive cells and 6-CF-positive cells under con- 
ditions of metabolic acidosis ( 18). 

Perhaps the strongest evidence that the four probes 
used in this study identify CA cells is the striking 
consistency in the percentage of positive cells under 
control and hypercapnic conditions. Rhodamine, acri- 
dine orange, and 3,3’-DiOCz all stained close to 10% 
of the cells in control bladders and 20% in bladders 

0 
Baseline 1% co, 

Figure 3. In vitro H’ secretion determined by the reverse short-circuit 
current (RSCC) in control bladders and bladders from turtles after 48 
hr of respiratory acidosis at baseline and after stimulation with 1% 
CO, for 30 min, n = 10-1 3 for each observation. Significantly different 
from controls at P < 0.05 (*) or P < 0.01 (+). 

The effect of 1 %  COz in vitro on H’ secretion and 
the number of carbonic anhydrase cells was also studied 
in the presence of SITS (5 X M ) .  SITS reduced 
baseline H’ secretion from 18.3 f 3.1 to 7.3 f 0.8 pA 
(P < 0.01). Furthermore, SITS completely blocked the 
increase in the number of 6-carboxyfluorescein-positive 
cells induced by 4 hr of 1 %  CO, (4.2 k 0.5 vs 5.5 f 
1.2%). 

Discussion 
Our data using fluorescence probes support a role 

for an increase in a-carbonic anhydrase (CA) cells in 
the turtle bladder in the adaptation to acute and chronic 
hypercapnia. The use of fluorescence staining for iden- 
tifying carbonic anhydrase cells in the turtle bladder 
allows for a rapid and easy means of assessing changes 
in the relative number of these cells under various 
experimental conditions. Numerous investigators have 
previously reported on the staining characteristics of 
CA cells under control conditions with 6-carboxyflu- 
orescein, acridine orange, rhodamine 123, and potential 
sensitive dyes (8, 15, 18, 23). As a group these probes 
are believed to identify CA cells and there was a close 
correlation of the number of cells identified by these 
various probes with double staining (8, 15, 18). 6- 
Carboxyfluorescein (6-CF) diacetate is preferentially 
sequestered into CA cells because they are enriched 
with the carbonic anhydrase enzyme which has potent 
esterase activity (8). The absence of 6-CF staining after 
pretreatment with acetazolamide in our studies attests 

from hypercapnic turtles. The number of CA-positive 
cells quantitated in control bladders using fluorescence 
microscopy in our laboratory was similar to that iden- 
tified by scanning electron microscopy (9, 25). Under 
control conditions the number of 6-CF-positive cells 
identified was lower than that identified with the other 
three fluorescence probes, but the increase with hyper- 
capnia was of the same order of magnitude. It is unclear 
why the numbers of cells identified by 6-CF staining 
were lower than with the other three probes but it may 
be related to the very short incubation used with 6-CF 
in order to prevent background fluorescence, to varia- 
bility in carbonic anhydrase activity from one cell to 
another, or to the dependence of 6-CF staining on other 
factors in addition to cell number, such as membrane 
properties or cell surface area (26). 

To quantify changes in the subpopulations of CA 
cells with hypercapnia, we stained the mucosal side of 
turtle bladders with a fluoroprobe for the chloride- 
bicarbonate exchanger, NBD-taurine. By allowing con- 
tact only with the mucosal side, we believe we can 
identify the bicarbonate secreting or 0-CA cells. With 
this stain we consistently identified only a portion of 
the total number of cells stained with 6-CF or the other 
three CA-specific probes. Palmisano et al. ( 2 3 )  initially 
suggested that NBD staining could be used to identify 
the P-carbonic anhydrase cells in the turtle bladder. In 
a subsequent report (24), these investigators indicated 
that addition of NBD-taurine to the apical surface 
resulted in staining only when added at high concentra- 
tion (500 pM). These investigators concluded that at 
this high concentration NBD-taurine stained 22% of 
the cells and, based on studies utilizing carboxyfluores- 
cein staining, they concluded that addition of NBD- 

Figure 4. Appearance of turtle bladders from control (left) and hypercapnic (right) turtles after staining with: (A and B) 6-carboxyfluorescein, 
(C and D) rhodamine 123, (E and F) acridine orange, and (G and H) 3,3’-DiOC2 (original magnification ~400). 
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Table IV. Percentage of Positively Stained Cells 
Determined bv Five Different Fluorescence Probes" 

4-Hr 48-Hr 

acidosis acidosis 
Control respiratory respiratory 

6-CF 5+1 13f3' 15f2" 
Rhodamine lo+ 1 17 f 4' 20 f 4' 

DiOC, 1 1  f 1 12f5 18 f 1" 
NBD-Taurine 3.5 + 0.1 - 3.2 + 0.2 
Acridine orange 1 1  + 3 15f2 20 f 3d 

a Values are mean & SE, n = 6-1 1. 
a Significantly different from controls at P < 0.01. 

Significantly different from controls at P < 0.001 
Significantly different from controls at P < 0.05. 

taurine stained mainly the a-carbonic anhydrase cells. 
In contrast, in studies performed in the same tissue, we 
observed consistent staining with 100 pM NBD-taurine 
in the apical solution and the number of cells identified 
with this stain was approximately 50% of the total 
number of cells identified with carboxyfluorescein 
staining. In addition, this dose of NBD-taurine inhib- 
ited HC03- secretion without affecting H' secretion, 
suggesting a selective interaction of NBD-taurine with 
a specific type of carbonic anhydrase cells. In this 
regard, it is also of interest that C 0 2  stimulation of H' 
secretion increased the total number of carbonic an- 
hydrase-rich cells without changing the number of 
NBD-taurine-positive cells, again suggesting that the 
NBD-taurine staining as performed in our studies labels 
the P-carbonic anhydrase cells. Thus, we believe that 6- 
CF, rhodamine, 3,3'-DiOCl, and acridine orange stain 
the entire CA population, while NBD-taurine stains 
only the 0-CA cells. 

The difference between the number of total CA 
cells and P-CA cells can be used indirectly to estimate 
the number of a-CA cells. This conclusion is supported 
by the doubling of the number of positively stained 
cells by the CA fluoroprobes with in vivo hypercapnia 
without any increase in the number of cells stained 
with NBD-taurine. Moreover, as mentioned above, in 
vitro 1% COl resulted in an increase in 6-CF-positive 
cells without a change in the number of NBD-taurine- 
positive cells. In these in vitro studies, a small but 
significant increase in 6-CF-positive cells was noted in 
control (air-treated) bladders as well. However, the 
increase with 1% C 0 2  was significantly greater than 
that in controls. The reason for the increase in 6-CF- 
positive cells in air-treated bladders, despite no change 
in the rate of acid secretion, is unknown. Acetazolamide 
was unable to inhibit a small percentage of cell staining 
after 4 hr in vitro under these conditions. One expla- 
nation is that cells in vitro develop alterations in mem- 
brane permeability over time which lead to nonspecific 
cellular uptake of 6-CF. Alternatively, it is possible that 
during the 4-hr incubation in vitro with optimal oxy- 

genation and substrate, the hemibladders recovered 
from initial trauma of mounting and therefore the 6- 
CF staining was more reliable. 

The difference between the number of total CA 
cells and P-CA cells can be used indirectly to estimate 
the number of a-CA cells. This conclusion is supported 
by the doubling of the number of positively stained 
cells by the CA fluoroprobes with in vivo hypercapnia 
without any increase in the number of cells stained 
with NBD-taurine. Moreover, as mentioned above, in 
vitro 1% COz resulted in an increase in 6-CF-positive 
cells without a change in the number of NBD-taurine- 
positive cells. In these in vitro studies, a small but 
significant increase in 6-CF-positive cells was noted in 
control (air-treated) bladders as well. However, the 
increase with 1% COz was significantly greater than 
that in controls. The reason for the increase in 6-CF- 
positive cells in air-treated bladders, despite no change 
in the rate of acid secretion, is unknown. Acetazolamide 
was unable to inhibit a small percentage of cell staining 
after 4 hr in vitro under these conditions. One expla- 
nation is that cells in vivo develop alterations in mem- 
brane permeability over time which lead to nonspecific 
cellular uptake of 6-CF. Alternatively, it is possible that 
during the 4-hr incubation in vitro with optima1,oxy- 
genation and substrate, the hemibladders recovered 
from initial trauma of mounting and therefore the 6- 
CF staining was more reliable. 

The observations from these studies clearly indicate 
an increase in the number of carbonic anhydrase-rich 
cells with chronic in vivo hypercapnia. After 48 hr, 
bladders demonstrated a consistent doubling in the 
percentage of cells to approximately 20% per field. In 
addition, the intensity and the number of acid vesicles 
staining with acridine orange and the intensity of mi- 
tochondrial staining with rhodamine 123 were appre- 
ciably greater in bladders from chronically hypercapnic 
turtles, suggesting increased activity per cell as well. 
Thus, our findings are consistent with an adaptive 
process that includes both an increase in proton secre- 
tion per cell as well as an increase in total number of 
acid-secreting cells. These two processes are not neces- 
sarily mutually exclusive. Wheeler and Arruda ( I  8) 
have previously reported data supporting parallel mech- 
anisms of adaptation to chronic metabolic acidosis in 
the turtle bladder. In that study an increase in the 
number of CA cells as well as an increase in the number 
of acidic vesicles was detected by fluorescence staining 
techniques, suggesting a dual mode of adaptation. The 
toad urinary bladder also increased its rate of acid 
secretion under conditions of metabolic acidosis. Fra- 
zier (17) has demonstrated an increase in the number 
of mitochondria-rich cells after 48 hr of in vivo acid 
loading in association with an increased capacity for 
acid excretion. However, acid excretion was also in- 
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Figure 5. Effect of 4-hr in vitro 1 Yo CO, (A) versus air (.) on H' secretion (RSCC) and cell morphology ("10 6-CF or NBD cells/field), n = 6-7 
for each observation. Significantly different from controls at P < 0.05 (*) or P < 0.025 (+). 

cireased after only 24 hr of acid loading, without a 
demonstrable increase in mitochondria-rich cells. 

We observed that after 4 hr in vivo hypercapnia, 
there was a tendency toward an increase in hydrogen 
ion secretion in vitro as well as an increase in the 
number of CA-positive cells, but because of increased 
variability in these data, the results did not achieve 
statistical significance for all of the fluorescence probes. 
However, the results of the in vitro 4 hr C 0 2  stimulation 
clearly show an increase in hydrogen ion secretion and 
tlne number of 6-CF cells, thus supporting the conten- 
tion that the in vivo results at 4 hr are similar to those 
albserved after 48 hr. Frazier ( 17) hypothesized that this 
early adaptive process represented an increase in the 
hlydrogen secretion rate of existing mitochondria-rich 
cells. The cellular process for the early adaptive increase 
iin hydrogen secretion per cell hypothesized by Frazier 
is almost certainly mediated by the fusion of vesicles 
containing proton pumps to the luminal membrane 
( 15). Ultrastructural studies of the turtle urinary bladder 
have equated this process with characteristic membrane 
changes identified by scanning electron microscopy as 
increased apical surface area and microplicae. Two 
hours of serosal SITS which inhibits acid secretion 
results in a decline in luminal microplicae without 
aiffecting cell number (25), while high C 0 2  tension 
which increases acid secretion results in an increase in 
these membrane particles (12). Both of these studies 
examined the acute changes in cell morphology at a 
point when an increase or decrease in a-CA number 
would not be expected based on Frazier's findings in 
the toad bladder. Madsen and Tisher (27) have also 
studied the morphologic response of intercalated cells 
in rat medullary collecting duct to respiratory acidosis. 
The intercalated cells of the distal nephron are struc- 
iurally analogous to the mitochondria-rich cells of the 
load bladder and the carbonic anhydrase-rich cells of 
the turtle urinary bladder. Their studies, again using 

electron microscopy, revealed an increase in the surface 
density of the luminal membrane in these cells but did 
not detect a change in the number of intercalated cells. 
With acute in vivo hypercapnia the surface changes 
were proposed to represent insertion of hydrogen 
pumps into the luminal membrane. 

Our fluorescence data for chronic hypercapnia are 
in full agreement with the conclusions of Frazier (17) 
and Wheeler and Arruda (18) in chronic metabolic 
acidosis, that an increase in the number of a-CA cells 
plays a prominent role in the adaptive process. In 
addition, we demonstrated an increase in the number 
of 6-CF-positive and rhodamine-positive cells with only 
4 hr of in vivo hypercapnia as well as with 1% CO, in 
vitro. These conditions were not associated with any 
change in the number of NBD-taurine-positive cells. 
Moreover, the increase in 6-CF-positive cells in vitro is 
completely inhibited by serosal SITS which also pre- 
vents the increase in acid secretion induced by increased 
C02  tension. The change in the number of positively 
stained cells with acute hypercapnia may indicate a 
very rapid increase in the number of acid-secreting (a- 
CA) cells, which, so far, has gone undetected by ultra- 
structural techniques. In addition, changes in CA cell 
surface area have been induced in vitro under condi- 
tions associated with an increase (12,27,28) or decrease 
(25) in acid secretion, and therefore it is possible that 
an increase in membrane surface area may contribute 
to the increased number of cells staining with 6-CF 
seen at 4 hr of in vivo hypercapnia. This second conclu- 
sion would be in agreement with the acute studies of 
Madsen and Tisher (27) and Stetson and Steinmetz (12) 
with acute in vivo respiratory or metabolic acidosis and 
with in vitro C02  stimulation, respectively. If the num- 
ber of a-CA cells is increased by hypercapnia after only 
4 hr, the mechanism for this increase would likely be a 
transformation of existing cells preordained for acid 
secretion rather than a proliferation of a-cells through 
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mitosis. This recruitment of cells through transforma- 
tion is not a reflection of the exocytosis but is an 
additional independent adaptive process. In support of 
this hypothesis is the recent evidence for the existence 
of a subluminal (basal layer) cell population in the 
turtle bladder with carbonic anhydrase activity (29). 
One can speculate that these cells may be dormant 
under basal conditions but be recruited to lumen under 
conditions associated with increased acid secretion. Our 
data are in partial agreement with a recent study in the 
rabbit cortical correcting tubule which has shown that 
an acidic environment induces an increase in the num- 
ber of cells responsible for acid secretion with a corre- 
sponding reduction in the number of cells responsible 
for HCO; secretion (30). This study did not, however, 
find an increase in the total number of intercalated cells 
as we did. The reason for this difference is not clear but 
it may be related to species difference. 

The most reasonable conclusion of our studies is 
that COz changes the mucosal cells more toward the 
CA phenotype and that if NBD-taurine accurately 
marks the p cells, that the adaptation produces or 
recruits more a-CA cells. These results do not exclude 
the possibility that increased surface area and exocytosis 
also play a role in the adaptation to chronic hypercap- 
nia. 
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