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Abstract. Ammonia, in addition to its role as a constituent ofpical CI'/HCO;~ exchange activity. Second, ammonia in-
urinary net acid excretion, stimulates cortical collecting ducteased the contribution of a SCH28080-sensitive apical H
(CCD) net bicarbonate reabsorption. The current study soudhit-ATPase to basal intracellular pH regulation and it stimu-
to begin determining the cellular transport processes throuiglbed basolateral CIHCO;~ exchange activity. Thus,
which ammonia regulates bicarbonate reabsorption by test@gmonia activated both apical proton secretion and basolateral
whether ammonia stimulates B-type intercalated cell bicarbdmase exit, consistent with stimulation of unidirectional bicar-
ate secretion, bicarbonate reabsorption, or both. The effectdhohate reabsorption. It was concluded that ammonia regulates
ammonia on single CCD intercalated cells was studied by uSED net bicarbonate reabsorption, at least in part, through the
of measurements of intracellular pH taken framvitro mi- coordinated regulation of the separate processes of B-cell bi-
croperfused CCD segments after luminal loading of the pldarbonate reabsorption and bicarbonate secretion. These ef-
sensitive fluorescent dye BCECF. These results showed, fifgtsts do not reflect a general activation of ion transport but,
that ammonia inhibited B-cell unidirectional bicarbonate séastead, reflect coordinated and specific regulation of ion
cretion and that this occurred despite no effect of ammonia tansport.

Ammonia plays a central role in acid-base homeostasis througproximately 50% (6), and 6 mM ammonia stimulates inner
a variety of mechanisms. Perhaps the most widely knowmedullary collecting duct proton secretion by approximately
mechanism is the relationship whereby renal ammonia met@%0% (7). Thus, ammonia contributes to acid-base homeostasis
olism results in new bicarbonate generation (reviewed in rdfy stimulating net bicarbonate reabsorption throughout the
erence 1). Furthermore, renal ammonia production is stimesllecting duct and in multiple species.
lated by metabolic acidosis (2,3), resulting in substantial The CCD B-type intercalated cell (B cell) plays an important
changes in bicarbonate formation attributable to ammonia nrele in renal acid-base transport because of its ability to both
tabolism. This relationship allows ammonia production argkcrete and reabsorb luminal bicarbonate (8,9) and because it is
excretion to play a major role in acid-base homeostasis. the predominant intercalated cell in collecting ducts from the
Ammonia also may mediate a second role through a possiblgter cortex (10). The purpose of the current study was to
role as an intrarenal signaling molecule that regulates colledetermine whether ammonia regulates CCD acid-base trans-
ing duct ion transport. In multiple species and throughout thort by inhibiting B cell-mediated bicarbonate secretion, stim-
collecting duct, ammonia stimulates proton secretion (typicallyating B-cell-mediated proton secretion, or both. To do so, we
measured as net bicarbonate reabsorption). In the rat, ammaiamined the effect of ammonia on specific B-cell acid-base
changes cortical collecting duct (CCD) bicarbonate transparansporters. In the current studies, ammonia inhibited B-cell
from net bicarbonate secretion to net bicarbonate reabsorptigridirectional bicarbonate secretion but did so without altering
(4). In the rabbit, ammonia substantially increases net bicapical CI'/HCO;~ exchange activity. In addition, ammonia
bonate reabsorption (5). This effect is concentration dependstiinulated both apical HK*-ATPase and basolateral QI
and is independent of ammonia’s effect on either intracelluledfCO;~ exchange activity, which indicates that ammonia stim-
pH or active sodium transport (5). In other portions of thalated B-cell unidirectional bicarbonate reabsorption. Thus,
rabbit collecting duct, increasing ammonia from 4 to 10 mMimmonia regulates net bicarbonate transport through the coor-
stimulates outer medullary collect duct proton secretion linated and specific regulation of both bicarbonate reabsorp-
tion and bicarbonate secretion.
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Figure 1. Effect of ammonia on B-cell unidirectional bicarbonate secretion. B cell unidirectional bicarbonate secretion was measured as tl
rate of intracellular acidification due to apical bicarbonate secretion after peritubulare@ioval. (A) Representative experiment demon
strating the intracellular acidification induced by peritubular chloride remeved, basal; ——, ammonia. (B) Summary of results of all
experiments, reported in pH units per minute. Lines connect measurements in the same cell.

glucose. The solutions had osmolality adjusted to 290 mOsm/kg chloride removal is intracellular alkalinization as a result of reversal
H,O with NaCl. All solutions were gassed with 95%,/6% CQ,. of basolateral CI/HCO;  exchange (10), followed by intracellular
Ammonium chloride (10 mM) substituted for sodium chloride in botlacidification (18) that results from apical bicarbonate secretion via the
the luminal and peritubular solutions when ammonia was used. SoBweell apical CI /HCO,;~ exchanger (10,11). The rate of intracellular
studies used an approximately 1.5-ml bath chamber that was therracidification, when measured at basal intracellular pH, indicates the
statically controlled to 37°C in which the peritubular solution wasate of apical bicarbonate secretion (10,15).
exchanged continuously at 0.3 ml/min. Other studies used a low-
volume, laminar flow bath chamber to which preheated, continuoustthemicals
bubbled solutions were delivered at approximately 6 ml/min. Thirty gcECE-AM was obtained from Molecular Probes, Inc. (Eugene,
min was allowed before making initial measurements and betwegik). SCH28080 was the kind gift of Dr. James Kaminski (Schering
experimental periods. Co., Bloomfield, NJ). All other chemicals were from Sigma Chemical
Co. (St. Louis, MO).

Intracellular pH

Intracellular pH was measured by use of techniques that we he8eatistical Analyses

described previously in detail (5,11,13,14). Briefly, we loaded inter- pesyits are presented as meaiSEM. The data were analyzed by

calated cells with the fluorescence, pH-sensitive dye, BCECF, B¥e of paired test and ANOVA, as appropriate, ail< 0.05 was
adding BCECF-AM (15um) to the luminal solution for approxi- ,sed as evidence of statistical significance.

mately 5 min (14). An approximately 1pm diameter region was
excited at 490 and 440 nm and emission measured at 530 nm. ﬁésults
490/440 nm ratio was calibrated to intracellular pH at the end of trf‘jnidirectional Bicarbonate Secretion

experiment by use of the high potassium-nigericin technique (14). The B cell plays an important role in acid-base physiology

CI"/HCO,~ Exchange Activity through physiologically regulated bicarbonate secretion. In

ClI"/HCO;™ exchange activity was measured as the rate of-intra
cellular alkalinization after luminal (to measure apical HHCO;™
exchange activity) or peritubular (to measure basolateralliTO;
exchange activity) Cl removal. We calculated CIHCO;™ exchange
activity using least-squares linear regression during the initial 6 to 10 s Apical
of alkalinization during which alkalinization was linear. Bicarbonate

Table 1. Effect of ammonia on B-cell apical bicarbonate
secretion

Ammonia Initial pH Sec_:retio_nil

Unidirectional Bicarbonate Secretion (pH Units/Min™ )
Unidirectional bicarbonate secretion was measured by use of techppsent (n= 5) 7.41+ 0.20 —2.39+ 0.69
niques that we have described previously in detail (10,15). Briefly, pragent (n= 5) 7.39+ 0.11 —0.77+ 0.26"

unidirectional bicarbonate reabsorption is inhibited by removing peri-
tubular chloride (16,17). The initial B-cell response to peritubular 2P < 0.05.
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Figure 2. Effect of ammonia on B-cell apical CIHCO;~ exchange activity. Apical CYHCO,~ exchange activity was measured as the rate

of intracellular alkalinization resulting from luminal Ckemoval in the absence and the presence of ammonia. (A) A representative experiment.
A 30-min equilibration period was allowed after addition of ammonia. (B) Summary of results of all experiments, reported in pH units pe
minute. Lines connect measurements in the same cell.

several models, bicarbonate secretion has been the primsegretion when this technique is used (15). Thus, ammonia
mode of CCD bicarbonate transport regulated by physiologieems to inhibit B-cell unidirectional bicarbonate secretion.
stimuli (15,19,20). Accordingly, we tested whether inhibition B-cell bicarbonate secretion requires anion transport via an
of B-cell unidirectional bicarbonate secretion mediates, at leagiical CI /HCO;~ exchanger and a basolateral Gthannel
in part, ammonia’s stimulation of CCD net bicarbonaté9,22). Stimuli regulating bicarbonate secretion may do so
reabsorption. through effects on either of these transporters (13,23,24). The

To measure unidirectional B-cell-mediated bicarbonate ggext set of studies tested whether ammonia inhibited bicarbon-
cretion, we removed peritubular chloride, an obligate anion fate secretion by inhibiting apical CIHCO;~ exchange activ
apical proton secretion and luminal bicarbonate reabsorptity (Figure 2, Table 2). In the absence of ammonia, apical
(21). Peritubular chloride removal stimulates apical bicarbo@ /HCO;~ exchange activity averaged 1.740.33 pH units
ate secretion mediated by apical GHCO;~ exchange (11), per minute (n= 7). In the presence of ammonia apical Cl
resulting in intracellular acidification. Thus, the rate of intraHCO;~ exchange activity averaged 1.550.29 pH units/min
cellular acidification indicates the rate of B-cell bicarbonatéh = 7). Ammonia did not significantly alter B- cell apical
secretion (15) (Figure 1, Table 1). In the absence of ammon@@, /HCO;~ exchange activity (B= NS, n = 7). These results
apical bicarbonate secretion caused intracellular acidificatiomicate that ammonia inhibits B-cell unidirectional bicarbonate
averaging—2.39= 0.69 pH units/min (n= 5). In the presence secretion without altering apical QHCO;~ exchange activity,
of ammonia, bicarbonate secretion induced intracellular acidhich suggests that ammonia may regulate bicarbonate secretion
ification averaging—0.77 = 0.26 pH units/min (n= 5). through the regulation of basolateral transport processes.
Ammonia significantly inhibited unidirectional bicarbonate se-
cretion (P< 0.05versu_sm the absence 01_‘ ammonia,= 5). Effect of Ammonia on B-Cell Unidirectional
These changes are unlikely to be due to time-dependent Chaﬁﬁ:—arbonate Reabsorbti

ption

es; there are no time-dependent changes in B-cell bicarbona ﬁ“he B cell possesses both an apical-K*-ATPase (25)

and a basolateral CIHCO;~ exchanger (10), which suggests
that it can, under appropriate conditions, reabsorb luminal

Table 2. Effect of ammonia on B-cell apical CIHCO;~ bicarbonate. Ammonia stimulates "HK *-ATPase—-mediated

exchange activity CCD bicarbonate reabsorption (5), raising the possibility that
Intracellular ammonia stimulates B-cell-mediated bicarbonate reabsorption.
Ammonia Initial pH Alkalinization To test this possibility, we examined the effect of ammonia on
(pH Units/Min™*) the B-cell apical H-K "-ATPase.
To do so, we examined whether ammonia alters the contri-
= + + '
ﬁ?:::r:t(?n: 77)) ;gé: 883 1?5‘: 833 bution of apical H-K*-ATPase to intracellular pH regulation

(Figure 3 [SCH28080 with Amm], Table 3). In the presence of
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-0.25 1 ammonia did not alter B-cell intracellular pH significantly
(A = —0.02 = 0.04 pH units;P = NS versus0O; n = 12).
Similar results occurred in previous studies (25). Thus, the

* effect of luminal SCH28080 on B-cell intracellular pH cannot

-0.20 A B — be explained by SCH28080-mediated inhibition of ammonia-

independent proton secretion.

Next, we examined whether the continued presence of am-
monia, in the absence of luminal SCH28080, would explain

-0.15 1 these results. An identical protocol was used, with ammonia
present throughout the experiment, and a mock perfusate change
was made without addition of SCH28080 to the luminal fluid

0.10 1 between the first and second set of intracellular pH measurements

(Figure 3 [Amm], Table 3). No significant change in intracellular
pH occurred in the continued presence of ammonia if SCH28080
was added to the luminal fluid (A = 6:02+ 0.02 pH unitsP =
-0.05 NS; n = 4). These results are consistent with our previously
—_ reported results (5). Thus, the effect of luminal SCH28080 on
B-cell intracellular pH in the presence of ammonia is not mediated
by the continued presence of ammonia.
, , 7 These results indicate that ammonia increases the contribution
SCH with Amm SCH Amm of an apical H-K"-ATPase to B-cell intracellular pH regulation.
Because ammonia stimulates SCH28080-sensitive CCD net bi-
Figure 3. Effect of ammonia on B-cell SCH28080-sensitive intracelsghonate reabsorption (5), ammonia may stimulate CCD net

lular pH. Shown are the changes in intracellular pH after addition Ezcarbonate reabsorption, at least in part, by stimulating B-cell—
luminal SCH28080 in the presence of ammonia (SCH with Amm . T : ' .
ediated unidirectional bicarbonate reabsorption.

after addition of luminal SCH28080 in the absence of ammonla_l_ fi that . timulat B-cell idirecti |
(SCH), and in the continued presence of ammonia without adding 0 confirm that ammonia stimulates B-Cell unidirectiona

luminal SCH28080 (Amm). *P < 0.05. icarbonate reabsorption, we studied whether ammonia stim-
ulated basolateral CIHCO;~ exchange activity Rigure 4,
Table 4). In the absence of ammonia, basolaterall@CO;~
exchange activity averaged 4.860.40 pH units/min?, and in

ammonia, addition of the HK *-ATPase inhibitor SCH28080 the presence of ammonia, it averaged 5:A0.24 pH units/

(10 wm) to the luminal solution acidified the B cell signifi-min™* (n = 5 for both). Ammonia significantly stimulated

cantly, decreasing intracellular pH by0.15 + 0.05 pH units B-cell basolateral CI/[HCO,~ exchange activity (P< 0.05,

(P <0.05,n = 3). n = 5). Thus, ammonia increases both apicatki*-ATPase and

Intracellular  acidification after addition of luminal basolateral CI/HCO,~ exchange activity. Ammonia seems to

SCH28080 in the presence of ammonia could represent eitggmulate B-cell unidirectional bicarbonate reabsorption.

inhibition of proton transport by SCH28080 that is independent

of ammonia, intracellular acidification induced by ammoni&ffect of Intracellular pH

that is independent of SCH28080, or SCH28080-mediatedAmmonia acidifies the B cell (5), which raises the possibil-

inhibition of ammonia-stimulated apical proton secretion. Thigy that the effects observed in the current study are mediated

next series of studies sought to differentiate between thesdirectly by changes in intracellular pH. However, in each

possibilities. experimental protocol, there was no correlation between intra-

First, we examined whether the intracellular acidificationellular pH and transporter activity?(= NS by ANOVA).

observed after addition of luminal SCH28080 occurred in thEhus, the effect of ammonia on B-cell proton and bicarbonate

absence of ammonia (Figure 3 [SCH], Table 3). Addition dfansporter activity seems to be independent of ammonia’s

SCH28080 (1Qum) to the luminal solution in the absence okffects on B-cell intracellular pH.

Change in Intracellular pH

0.00

Table 3. Effect of ammonia and/or SCH28080 on B-cell intracellular*pH

Ammonia SCH28080 n Initial pH; Final pH Change

Present Present 5 7.12+ 0.12 6.97+ 0.02 —0.15+ 0.09°
Absent Present 12 7.17 0.09 7.15+ 0.08 —0.02+ 0.04
Present Absent 4 6.98+ 0.05 6.97+ 0.05 —0.02= 0.02

2 Cortical collecting ducts were incubated in the presence of absence of ammonia for 30 min, then inivalspiHeasured. SCH28080,
if present, then was added to the luminal fluid, and after a 30-min incubation finalvasi measured.
PP < 0.05versus0.
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Figure 4.Effect of ammonia on B-cell basolatera GHCO;~ exchange activity. Basolateral QHCO;~ exchange activity was measured as

the rate of intracellular alkalinization after peritubular Gemoval in the absence of ammonia and then again after a 30-min equilibration with
ammonia. (A) A representative experiment. (B) Summary of results of all experiments, reported in pH units per minute. Lines conne:
measurements in the same cell.

Discussion unidirectional bicarbonate secretion is regulated by the physi-

The current study examined the effects of ammonia afogic stimulus ammonia.
collecting duct net bicarbonate transport by examining the Bicarbonate secretion requires both apical /BICO;™ ex-
separate processes of bicarbonate reabsorption and bicarbocia@ge activity and a basolateral chloride channel. The current
secretion in a single cell, the B cell. Ammonia inhibits B-celstudy shows that ammonia inhibits B-cell unidirectional bicar-
unidirectional bicarbonate secretion, and it does so withobidnate secretion without inhibiting apical THCO;™ ex
altering apical CI/HCO;™ exchange activity. Simultaneously,change activity. This suggests that ammonia may inhibit the
ammonia stimulates apical HK"-ATPase and basolateralB-cell basolateral chloride channel. Whether these effects of
CI"/HCO;™ exchange activity in the B cell, which indicatesammonia reflect changes in the open probability of this chan-
that it increases B-cell-mediated unidirectional bicarbon%L endocytic removal of the chloride channel from the p|asma
reabsorption. Thus, ammonia can serve as a potential intrargi@inpbrane, or other changes in its conductance characteristics
signaling molecule with specific and coordinated effects thnnot be determined by the current study. Further studies will
B-cell bicarbonate transport. o be necessary to address these different possibilities.

A major physiologic function of the B cell is bicarbonate - ajthough the B cell generally has been modeled to secrete
secretion, which mediates recovery from metabolic alkalogig.a honate, the B cell also possesses the transporters for
(8,26,27). A major mechanism by which physiologic stimulj,,;jirectional bicarbonate reabsorption, namely apical proton

regulate CCD net bicarbonate transport is by regulating B-c%t1 db et
ST . i asolateral base transport (10,25,28). Ammonia stimulates
unidirectional bicarbonate secretion (15-17,19,20). The currgnt port ( )

. . X th apical proton secretion and basolateral bicarbonate exit,
study adds to these previous studies by showing that B-ce b P . .
and the B-cell apical proton transporter stimulated by ammo-

nia, H"-K"-ATPase, is the same transporter stimulated when
assessing the entire CCD (5). Thus, it is likely that ammonia
stimulates B-cell-mediated proton and potassium transport and
that this contributes to the regulation of transport in the entire

Table 4. Effect of ammonia on B-cell basolateral Cl
HCO;~ exchange activity

Basolateral CCD.
Ammonia nitial pH CI'EX/;(;%e Two common conditions that stimulate renal ammoniagen-
P Activityg esis are metabolic acidosis and hypokalemia. It is interesting
(pH Units/Min™*) that in vivo metabolic acidosis stimulates the B-cell apical
H*-K*-ATPase (28), wheredsa vitro metabolic acidosis has
ﬁ?:::;t(?n_: %)) ;jif 838 45122:_: 8‘21'% only minimal effects on H-K*-ATPase (29). One potential

explanation is thain vivo metabolic acidosis increases renal
ap < 0.05. ammonia production and accumulation and that it is ammonia,
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not the changes in extracellular pH, that stimulate B-cell apicate differentially regulated by ammonia. These results are
H*-K*"-ATPase. Further studies are necessary to identify teanilar to previous studies that suggested that isoproterenol
specific roles of extracellular acidosis and ammonia in thdfferentially regulates apical and basolateral BICO;~ ex-
regulation of CCD acid-base transport. A second major stimhange activity (37). The differential regulation of these trans-
ulus for ammoniagenesis is hypokalemia. Ammonia may coperters is consistent with the apical and basolateral/ Cl
tribute to recovery from hypokalemia by inhibiting CCD poHCO;~ exchangers representing different anion exchanger
tassium secretion (30), at least in part by stimulatingoforms. In particular, antibodies to the anion exchanger AE4
unidirectional potassium reabsorption (30). Ammonia’s stinlecalize to proteins present on the B-cell apical but not the
ulation of unidirectional potassium reabsorption is likely to bbeasolateral plasma membrane (38). Thus, the B-cell apical and
related to activation of H-K " -ATPase in both the entire CCD basolateral CI/HCO,~ exchangers both are immunologically
(5) and in the B cell (current study). distinct and are differentially regulated, which suggests that
Although SCH28080 may cause intracellular ATP depletiaihey could mediate different functional roles.
in some cells (31), this is unlikely to explain the observed The current studies used millimolar ammonia concentra-
effects in the current study. First, the concentration requiredtions. Ammonia is produced by the proximal tubule and is
demonstrate this effect was 20-fold greater (31) than that usemhcentrated into the renal interstitium by the loop of Henle,
in the current study. Moreover, if SCH28080 were mediatingelding levels that average 4 to 6 mM in the late distal
its effects in the CCD through alterations in intracellular ATRubule (39). These levels are increased significantly by both
availability, then SCH28080 also should inhibit CCD"H metabolic acidosis (1,39) and hypokalemia (40—42). The
ATPase—mediated proton secretion. However, SCH28080 leamct interstitial ammonia concentrations that are present in
no effect on H-ATPase—mediated proton secretion in CCBhe kidney are unclear. Although it is tempting to assume
intercalated cells (25,32), and the effect of SCH28080 on rté@at renal cortical interstitial ammonia can be determined by
proton secretion can be differentiated easily from inhibition dhe measurement of renal venous ammonia concentration,
H*-ATPase (29). Thus, SCH28080 is unlikely to inhibit B-celthese calculations rely on Nfbeing in diffusion equilib
apical proton secretion by decreasing intracellular ATP avaiium between the renal interstitium and the renal vein,
ability. Instead, SCH28080 is a highly potent inhibitor ofvhich is known to be untrue (43). Because ammonia secre-
H*-K*-ATPase, particularly Hi,, with near-complete inhi tion is believed to occur via Nidiffusion, interstitial [NH]
bition at concentrations substantially lower than those usedatmost certainly is greater than intraluminal [NJHWhen
the current study (33,34). Thus, SCH28080 seems to be altereasurements of intraluminal [NJHin metabolic acidosis
ing both CCD acid-base transport and B-cell intracellular pt89) and measured values of renal cortical pq@4) are
regulation by inhibition of an apical HK "-ATPase and not used and under the assumption that cortical interstitial
through generalized effects on intracellular ATP availability[HCO;™] is similar to systemic [HC@ ], an estimate of
The mechanism by which ammonia stimulates B-cell basimterstitial ammonia is approximately 1.7 mM. The exact
lateral CI'/HCO;~ exchange activity is unclear. One possibilinterstitial ammonia concentration is unknown but is likely
ity is that ammonia directly stimulates transport activity, sinto be substantially greater, to mediate high rates of net
ilar to the effect of ammonia on the QHCO;~ exchange ammonia secretion that occur in the cortex (39).
isoform, AE2 (35). Changes in intracellular pH are unlikely to In summary, the current study identified several important
explain the increased activity. Ammonia either acidifies CCEacets in renal physiology. First, ammonia inhibits B-cell uni-
intercalated cells (5) or causes minimal changes in intracellutdirectional bicarbonate secretion, and this effect is independent
pH (current study), which would be expected to either inhibaf apical CI'/HCO;~ exchange activity, which suggests that
or not alter anion exchanger activity, respectively. This emmonia regulates net bicarbonate secretion through regula-
pected effect of intracellular pH on anion exchanger activityon of the basolateral chloride channel. Next, the B-cell apical
contrasts with the stimulation induced by ammonia in thd"-K"-ATPase and basolateral GHCO,~ exchanger can be
current study. In addition, there was no significant correlatiaegulated in parallel by a single stimulus, ammonia, which
between intracellular pH and basolateral BICO;~ ex- demonstrates that the B cell can contribute to urinary acidifi-
change activity in the current studies. The lack of relationshgation and luminal bicarbonate reabsorption. Thus, ammonia
between intracellular pH and basolateral BICO;~ ex- increases CCD net bicarbonate reabsorption through coordi-
change activity is not due intracellular pH being below theated effects on the separate processes of unidirectional bicar-
range that stimulates CIHCO;~ exchange activity. AE1 is bonate reabsorption and secretion. These findings contribute
stimulated over a broad range of intracellular pH, whereas Alportantly to our understanding of the mechanisms through
is stimulated only above pH 7.3 (36). As shown in Table 2, thishich ammonia may serve as an intrarenal signaling molecule
was the intracellular pH range in the studies that examinéuht regulates CCD ion transport.
ammonia’s effect on basolateral THCO;~ exchange activ
ity. More studies will be necessary to identify the mechaacknowledgments
nism(s) through which ammonia regulates B-cell basolateralthe aythors thank Charles S. Wingo, M.D., and R. Tyler Miller,

Cr/HCOai exchange activity. . . ~M.D., for helpful discussions; April R. Starker for technical assis-
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