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Regulation of intracellular pH in the smooth muscle of
guinea-pig ureter: Na* dependence

C. Claire Aickin*
University Department of Pharmacology, Mansfield Road, Oxford 0X1 3QT, UK

Mechanisms involved in the regulation of intracellular pH (pH,) in smooth muscle cells
of guinea-pig ureter have been investigated using double-barrelled pH-sensitive
microelectrodes in isolated strips of tissue.

Removal of CO,—HCO;™ from the superfusing solution caused a fall in the steady-state
pH, except in a few cells which had been excised from the animal for many hours
(usually >24 h). The pH, value was 7:22 £ 009 (n = 89; mean + s.D. of an observation)
in solution buffered with 5% CO,—21 mm HCO,~, compared with 6:92 4 0:24 (n=67) in
the nominal absence of CO,—HCO;~. Recovery from experimentally induced acidosis
was faster in the presence, rather than nominal absence, of CO,—HCO,;~ (mean half-
times of 27 + 07 min, n =41, and 4'6 + 1':3 min, n =12, respectively). These results
suggest the presence of both HCO,;™-dependent and -independent mechanisms for the
effective extrusion of acid equivalents.

Recovery from acidosis was dependent on external Na* (Na) in both the presence and
nominal absence of CO,—-HCO,”, with an apparent half-maximal activation at
approximately 4 and 20 mm Na}, respectively. Removal of Na} in the steady state
caused a fall in pH, which proceeded at a faster rate in the presence rather than in the
nominal absence of CO,—HCO,".

Amiloride (100 #M—1 mMm) reversibly inhibited the recovery from acidosis and caused a
fall in the steady-state pH; when applied in the nominal absence of CO,—HCO,~, but
had no measurable effect on either the recovery from acidosis or steady-state pH, in the
presence of CO,—HCO,™. These results suggest that Na™~H"* exchange was responsible
for extrusion of acid equivalents in the nominal absence of CO, and HCO,™, but that it
played little part under more physiological conditions.

Although Na*—H* exchange appeared to be activated below a pH, of about 7-2, it was
incapable of maintaining a ‘normal’ pH, in the nominal absence of CO,—HCO,™ in
freshly excised cells, where values between 6:06 and 6-89 were recorded. Only in aged
preparations, in which the intrinsic intracellular acid loading was substantially reduced
(as judged from the rate of acidification on application of amiloride in the nominal
absence of CO,—~HCO,™) did the steady-state value approximate to that observed in the
presence of CO,—HCO,™, at about 7-2.

301

Intracellular pH (pH,) is a fundamentally important
parameter to the physiology of all cells. Enzyme activity,
and hence cell function, is critically dependent on pH and,
conversely, changes in metabolic rate directly affect
cellular pH. Therefore, mechanisms for regulation of pH,
are paramount and have been found to maintain a
considerably more alkaline level than that predicted by a
passive distribution of H* ions in the vast majority of cells
(see Roos & Boron, 1981). However, unlike the universal
nature of the Na* pump for active extrusion of Na* ions,

the effective active extrusion of H* ions has proved to be
mediated by several different mechanisms. Pioneering
work in invertebrate preparations revealed a Na*-,
HCO,™-, and Cl -dependent mechanism (see Roos &
Boron, 1981) but this has subsequently been only
infrequently identified in vertebrate preparations, where
an amiloride-sensitive Na*-H" exchange has been
universally found (see Aickin, 1986). It is therefore
essential to characterize the mechanism or mechanisms
involved in the regulation of pH, in any given preparation

*Reprint requests to: Dr A. F. Brading, University Department of Pharmacology, Mansfield Road, Oxford 0X13QT, UK.
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in order to understand how changes in pH may affect
other intracellular ions and vice versa. Smooth muscle is of
particular interest because the small size of the cells,
together with their high metabolic rate, would suggest
that large and rapid changes in pH;, may occur.
Consequently, cellular function may be modulated by pH,.
For example, changes in pH, caused by accumulation of
metabolites may contribute to autoregulation of the
peripheral circulation (e.g. see Harder, 1982). Recently, it
has also been suggested that the action of many
pharmacological agents, including catecholamines (Owen,
1986) and angiotensin (Hatori, Fine, Nakamura, Cragoe &
Aviv, 1987), may be mediated via alteration of pH,.

Regulation of pH, in mammalian smooth muscle has
only recently been investigated, principally because of the
technical problems imposed by the physical dimensions of
the cells. Microelectrodes are difficult to use because of the
sharpness required for successful impalement, whereas
indirect methods, such as the distribution of weak acids
(e.g. Gerstheimer, Miihleisen, Nehring & Kreye, 1987) or
nuclear magnetic resonance (e.g. Dawson & Wray, 1985),
are severely limited by their poor time resolution. Such
problems have recently been circumvented with the
development of intracellular fluorescent pH indicators and
these have now been used by several groups in various
smooth muscles. Nevertheless, the first indication of the
nature of a mechanism which might be involved in the
effective extrusion of acid equivalents in smooth muscle
came indirectly from the finding of a substantial amiloride-
sensitive fraction of Na* uptake (Smith & Brock, 1983);
amiloride was assumed to have inhibited Na*-H*
exchange. Further indirect evidence for the involvement
of Na*—H* exchange in extrusion of acid equivalents came
from the observation that amiloride slowed the decline in
tension from a contracture induced by intracellular acidosis
(Ighoroje & Spurway, 1985). Shortly afterwards, direct
investigation of the regulation of pH, in smooth muscle
confirmed the role of Na*-H* exchange with the
demonstration that recovery from acidosis was Na*
dependent (Aickin, 1985; Weissberg, Little, Cragoe &
Bobik, 1987) and sensitive to the potent amiloride analogue
EIPA (ethylisopropylamiloride; Weissberg et al. 1987).
Virtually all of these experiments, however, were
conducted in the nominal absence of the biological buffer
CO,-HCO,".

Every subsequent investigation of the regulation of pH,
in smooth muscle has confirmed the Na* dependence and
amiloride sensitivity of the recovery from acidosis in non-
CO,—HCO,~ buffers, but there is no such consistency in the
results obtained in the presence of CO,—HCO,~. Some cells
show an initially surprising steady-state alkalosis in the
presence of CO,—~HCO, (Aickin, 1984; Korbmacher,
Helbig, Stahl & Wiederholt, 1988; Boyarsky, Ganz, Sterzel
& Boron, 1988; Putnam & Grubbs, 1990) while others
exhibit essentially the same steady-state pH, in both the
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presence and nominal absence of CO,—~HCO,~ (Aalkjer &
Cragoe, 1988; Vigne, Breittmayer, Frelin & Lazdunski,
1988; Baro, Eisner, Raimbach & Wray, 1989). Furthermore,
in some cells, the rate of recovery of pH, from acidosis is
accelerated by the presence of CO,~HCO,” (Aalkjeer &
Cragoe, 1988; Boyarsky et al. 1988; Baro et al. 1989;
Putnam, 1990) while in others the rate is unaffected by
their presence or nominal absence (Korbmacher et al. 1988;
Vigne et al. 1988).

With the exception of Aalkjeer & Cragoe (1988), all of the
work in the studies cited above was done in isolated or
cultured cells. Although this approach allows acquisition
of data that would be very much more difficult to obtain
from smooth muscle cells in situ, it is open to question how
representative of the normal physiological state the results
are. In culture, smooth muscle loses at least one
fundamental property, that of contractility. Therefore, I
have used a double-barrelled microelectrode in freshly
excised strips of smooth muscle. This method also has the
clear advantage over fluorescent indicators of giving
simultaneous measurement of membrane potential, which
not only indicates the physiological state of the cell but
also can provide invaluable information about the
electrical coupling of transport processes. In this and the
following paper (Aickin, 1994a), I have attempted to
characterize the mechanisms responsible for regulation of
PH, in the smooth muscle cells of guinea-pig ureter. In this
paper, I have demonstrated the presence of both HCO,™ -
dependent and -independent mechanisms for the effective
extrusion of acid equivalents and have investigated their
Na* dependence and amiloride sensitivity. In the steady
state in the nominal absence of CO,—~HCO,~, pH, generally
falls and recovery from acidosis is then brought about by
Na*-H* exchange. In the presence of CO,~HCO,~, Na*-H*
exchange is apparently switched off and recovery from
acidosis is then dominated by the Na*- and HCO, -
dependent mechanism. This mechanism has been
characterized in the following paper as an electroneutral
Na*-HCO,™ cotransport (Aickin, 1994a). This situation,
however, does not hold for all freshly excised smooth
muscles. In the third paper of this series (Aickin, 1994b), I
describe results from similar experiments performed in the
smooth muscle cells of guinea-pig femoral artery which
indicate that Na*—H"* exchange dominates the recovery
from acidosis in both the presence and nominal absence of
CO,-HCO,™ .

Some of these results have been communicated to the
Physiological Society (Aickin, 1985) and have been
published in preliminary form (Aickin, 1988, 1989).

METHODS

These experiments were performed on isolated strips of
smooth muscle from the central portion of the ureter of albino
male guinea-pigs. The animals were stunned and bled before
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the ureters were removed and maintained in modified Krebs
solution, as given below. One of the ureters was usually stored
in a refrigerator for use on the following day. Each ureter was
bisected down its long axis, and a short length (approximately
5 mm) of endothelium peeled away. This section, together
with approximately 5 mm at either end was then mounted,
inner surface uppermost, with the complete thickness of the
ureter wall in rotatable clamps. The preparation could then be
well stretched over a silicone rubber wedge.

Double-barrelled microelectrodes (Aickin, 1981) were used
to measure membrane potential (E,,) and pH, simultaneously
within a single cell. In brief, micropipettes, pulled from two
heat-fused filamented glass capillaries, were rendered
hydrophobic by treatment with dimethyltrimethylsilylamine
vapour (Fluka, Gillingham, Dorset, UK) at 180 °C. The micro-
pipettes were removed from the oven 2-4 days later and
immediately backfilled, first with a proton cocktail (Ammann,
Lanter, Steiner, Schulthess, Shijo & Simon, 1981; Fluka) in one
barrel and then with a reference liquid ion exchanger (Thomas
& Cohen, 1981) in the other. They were then usually left
overnight under reduced pressure, to facilitate formation of
uninterupted columns, before a citrate buffer (58 mm NaCl,
38 mm sodium citrate and 19 mm citric acid saturated with
100% CO,) was placed above the proton cocktail and 500 mm
KCl above the reference liquid ion exchanger. Electrical
contact to varactor bridge diodes (model 311J; Analog Devices,
Walton-on-Thames, Surrey, UK) was made via Ag—AgCl
wires. Electrodes made using ion-selective ligands mostly
suffer from interference and the response of these electrodes
was therefore checked. Problems related to the CO,
sensitivity of the proton cocktail were avoided by ensuring
that the citrate buffer remained saturated with 100% CO,. No
PH sensitivity was found in response to ammonium salts (up
to 7'5 mmM) or trimethylamine (up to 5mm) in either the
presence or nominal absence of CO,—-HCO,~. However, the
reference liquid ion exchanger showed an apparent 0-4 mV
depolarization in the presence of an ammonium salt (up to
7'5 mM) and trimethylamine (up to 5 mm). No correction has
been made to the intracellular recordings. Thus, both the
depolarization and the alkalinization observed on application
of these substances may be overestimated by up to 4 mV. The
proton cocktail was found to show significant sensitivity to
weak organic acids, but only in the presence of CO,—HCO,".
Sodium butyrate (10 mm) added to the standard CO,—HCO,™-
buffered solution caused an apparent alkaline shift of
020 £ 005 pH units (10 electrodes) but when added to
nominally CO,-free solution it caused, at most, an apparent
0-02 pH unit alkaline shift.

The modified Krebs solution had the following composition
(mm): NaCl, 115; KCl, 5-9; CaCl,, 2-5; MgCl,, 1-2; NaHCO,, 21,
glucose, 11; Na,HPO,/NaH,PO, at pH 7-35, 0:1; equilibrated
with nominally 5% C0,-95% O, at 35°C. The pH of this
solution varied between 7-36 and 7-47 with different gas
cylinders (BOC, Guildford, UK). Nominally CO,-HCO, -free
solution was buffered with 21 mm NaHepes to the same pH as
the CO,-containing solution and was equilibrated with 100%
0,. Low-Na* and Na*-free solutions were prepared by
equimolar substitution with N-methyl-p-glucamine (NMDG)
or Tris, where necessary the HCO,™ salts (21 mm) being
produced by prolonged bubbling with gas from the 5% CO,
cylinder. Ammonium salts were added from 1M stock
solutions immediately prior to use. The drugs, amiloride
(Sigma Chemical Co., Poole, Dorset, UK) and acetazolamide
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(Sigma), were added directly to the experimental solution
immediately prior to use.

All values are given as means  s.p. with the number of
observations (n).

RESULTS
Modification of intracellular pH

Figure 1 illustrates the effects of standard procedures for
the displacement of pH, (for a full description see Thomas,
1984) in a smooth muscle cell of the guinea-pig ureter.
Predictably, both removal of CO,—HCO,” from the
superfusing solution and addition of an ammonium salt
caused immediate intracellular alkalosis, while readdition
of CO,~HCO,~ and removal of the ammonium salt each
caused an immediate intracellular acidosis. Each of these
displacements, assumed to be due to the chemical
consequences of the free passage of CO, or NH, across the
cell membrane, was followed by a recovery. Recovery
from acidosis induced by either method, recorded in
CO,-HCO,™ -buffered solution, could be described by a
single exponential with a mean half-time of 2:7 + 0-7 min
(n=41) and restored pH, to the control level (i.e. the
steady-state value previously recorded in CO,—-HCO, -
buffered solution). This recovery must reflect the effective
extrusion of acid equivalents against their electrochemical
gradient and, in common with many earlier studies, has
been used to investigate the nature of the mechanisms
responsible. Notably, this recovery was accompanied by a
transient hyperpolarization.

Recovery from intracellular alkalosis did not exhibit
the same invariable characteristics as that from acidosis,
but it should be stressed that, in this case, the recovery
could result from a combination of passive leakage (either
inwards of H*, or in the case of exposure to an ammonium
salt, NH,*, or outwards of OH™ or HCO,~ ions), metabolic
production of acid equivalents, and possibly effective
inward transport of acid equivalents. The fall in pH,
following alkalosis on removal of CO,—HCO,~ from the
superfusing solution was particularly variable, both in
initial rate and extent. In the majority of cells, pH,
initially fell quite rapidly and stabilized at a considerably
lower level than recorded in the presence of CO,—~HCO,™,
but in some (11 of 60 cells) pH, fell fairly slowly to stabilize
at approximately the same level (see Fig. 8). This latter
behaviour was more common in preparations which had
been stored overnight at 7 °C (7 of 16 cells) but was also seen
to develop over a period of several hours in fresh
preparations (4 of 44 cells), as illustrated in Fig. 2. This
behaviour was not affected by altering the buffering
capacity of the solutions, either by reducing the NaHepes
concentration in the nominally CO,—~HCO,™ -free solution
from 21 to 5mMm or by adding 21 mm NaHepes to the
CO,-HCO,™ -buffered solution. The mean pH, recorded in
the nominal absence of CO,—~HCO,” was 692 + 0:24
(n= 67, range 6:06—7-37) with a mean membrane potential
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10 min

En(mV)
5

CO,-HCO;" free 5 mequiv NH.*

Figure 1. Pen recordings of the membrane potential (E,) and intracellular pH (pH,) in a
smooth muscle cell of guinea-pig ureter, recorded using a double-barrelled microelectrode,
illustrating the effects of cellular acid and alkaline loading by alteration of the external CO,
level and by application and removal of an ammonium salt

E,, was recorded using the reference liquid ion exchanger and pH, was recorded using the proton
cocktail. The preparation was superfused with modified Krebs solution buffered with 5%
CO,—21 mm HCO,~ except during the interval indicated when it was replaced with nominally
CO,—HCO,™-free solution, equilibrated with 100% O, and buffered with 21 mm NaHepes. (NH,),S0,
(2'5mM) was added to the modified Krebs solution during the 12 min interval indicated.
Spontaneous action potentials are reduced in amplitude due to the low frequency response of the
reference liquid ion exchanger and the pen recorder and appear in the pH, trace due to inequality in
the resistance of the two barrels of the microelectrode.

10 min
| 1
s -50
§,E -SOE W —-lf"""'“""f\_._..__._ _.l,————‘—-1'\_—’_—___
W _70
68
7-0 VJ\/“’\'
£ 72 ’\/ﬁ‘(\\—
74
76
I | I
CO,-HCO;" free CO,-HCO; free CO,-HCO;" free

Figure 2. Pen recordings of parts of an experiment showing the effect of removal and
readdition of CO,—~HCO,~ to the superfusing solution in a single cell over a period of several
hours

The first removal and readdition was made 1:5 h after impalement of the cell, about 3 h after the
preparation had been excised from the animal. The second removal and readdition was performed
after a further interval of 2:5 h and the third, after another 3 h. The preparation was maintained in
modified Krebs solution buffered with 5% CO,—21 mm HCO,™ except during the intervals indicated
when it was replaced with a solution equilibrated with 100% O,, buffered to the same pH with
21 mm NaHepes.

J. Physiol. 479.2
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(Ey) of —496 + 76 mV (range —38 to —60 mV) compared
with a mean pH, of 7-22 + 009 (n = 89, range 7:03-7-45) at
a mean E of =575+ 4:3mV (range —40 to —65 mV) in
the presence of 5% CO,.

Effect of the nominal absence of CO,—HCO,~
on the recovery from intracellular acidosis

The low pH, usually recorded in the nominal absence of
C0,-HCO,~ may result from an increased rate of
intracellular acid loading and/or from a decreased
capacity for the effective extrusion of acid equivalents.
Although observations in this and the following paper
(Aickin, 1994a) suggest that the former may occur (see
Discussion), the latter would also be involved if a HCO,™-
dependent mechanism contributed to the normal extrusion
of acid equivalents. This possibility was therefore
investigated, as illustrated in Fig. 3. Recovery from an
acid load induced by application and removal of an
ammonium salt was slower in the nominal absence of
C0,—HCO,™ than in their presence. The mean half-time of
the recovery was 4'6 + 1'3 min (n=12) compared with
27 £+ 0°7 min (n = 41) in the presence of CO,—HCO,™. In six
cells where recoveries were directly compared, as in Fig. 3,
the half-times were significantly different (P =0-003,
Student’s paired ¢ test).

This result suggests the presence of a HCO;™ -dependent
mechanism for the effective extrusion of acid equivalents
and, since the cells still showed a fairly brisk recovery
from acidosis in the nominal absence of CO,—HCO,™, it also
indicates the presence of a HCO, -independent process.
Estimation of the relative contribution of each process,
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however, requires a knowledge of the intracellular
buffering power.

Determination of intracellular buffering
power

Measurement of intracellular buffering power, the
capacity of the cellular constituents to resist a change in
PH on application of an acid or alkali, is best made when
an applied acid or alkaline load is not followed by any
further change in pH,. This condition was difficult to
achieve on acidosis, since inhibition of the mechanisms
responsible for effective acid extrusion resulted in a very
low pH, and unstable impalements, but was relatively
simple to achieve on alkalosis. Addition of 5mm
trimethylamine, as shown in Fig. 4, caused an immediate
intracellular alkalosis followed by little (in the presence of
CO,—-HCO,") or no (in the nominal absence of CO,—HCO,")
recovery. Consequently, on removal of trimethylamine
there was little or no overshoot in pH;, in contrast to the
marked overshoot observed on removal of an ammonium
salt (e.g. Figs 1 and 3). Furthermore, the slow recovery
from alkalosis observed in the presence but not nominal
absence of CO,—~HCO,”, presumably reflecting HCO,~
permeability or a HCO, -dependent transport process,
could be inhibited by the presence of DIDS (4,4’-diisothio-
cyanatostilbene-2,2’ disulphonic acid). Thus, changes in
PH, observed on application and removal of trimethyl-
amine seemed ideally suited for determination of the
intracellular buffering power. It is clear from the
experiment shown in Fig. 4 that the change in pH,
induced by application of a given alkaline load at a given

20 min

R Ve
I e e

| I—
5 mequiv NH *

CO,-HCO;" free

Figure 3. Pen recordings of an experiment to investigate the effect of the nominal absence of
CO,—HCO,~ on the recovery of pH, from an acid load induced by application and removal of

2:5 mm (NH),SO,

The preparation was superfused with modified Krebs solution buffered with 5% CO,—21 mm HCO,~
except during the interval indicated when it was replaced with a solution equilibrated with 100%

0,, buffered to the same pH with 21 mm NaHepes.
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pH, was the same in the presence as in the nominal
absence of CO,. In other words, the intracellular buffering
power was apparently unaffected by the presence or
nominal absence of CO,. The mean value calculated from
application and removal of trimethylamine was
134 + 4'8 mequiv H* (pH unit)™ 1™ (n = 20) in the presence
of 5% CO, and 14°1 + 47 mequiv H* (pH unit)™ 1™ (n = 21)
in the nominal absence of CO,.

Intracellular buffering power has also been calculated
from experiments in which the recovery from alkalosis on
application of an ammonium salt (and thus the overshoot
on its removal) was inhibited by the presence of DIDS (see
Fig. 9 of Aickin, 1994a) or by the prolonged absence of Cl
(see Fig. 8 of Aickin, 1994a). Mean values obtained after
equilibration with DIDS were 12-7 + 3:9 mequiv H*
(pH unit) ™1™ (n=9) in the presence of 5% CO, and
13'6 + 34 mequiv H* (pH unit) ™ I™* (n=8) in its nominal
absence, and after prolonged exposure to Cl™-free solutions
was 138 + 37 mequiv H* (pH unit)™ 1™ (n=12) in the
presence of 5% CO,. It should, however, be noted that the
cellular buffering power is generally assumed to be
increased in the presence of an extracellular CO,—~HCO,~
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buffer by 2-3 times [HCO,]; (see Roos & Boron, 1981).
Thus, if the CO,—~HCO,~ system contributed to
intracellular buffering as expected, the buffering power
should be increased by about 35 mequiv H* (pH unit)™ 1™
at the normal steady-state pH,. It is therefore very
surprising that an increase of this magnitude was not
detected.

The contribution of CO,—~HCO,~ to intracellular
buffering depends not only on there being an open system,
conferred by the supposed free passage of CO, across cell
membranes and by the essentially clamped external CO,
level, but also on the rapid hydration and dehydration of
CO,. This reaction is catalysed by carbonic anhydrase in
many cell types but apparently not in smooth muscle (e.g.
Miihleisen & Kreye, 1985). It is notable that in cells where
CO, contributes greatly to the intracellular buffering
power and carbonic anhydrase is present, inhibition of
carbonic anhydrase reduces the functional buffering power
(Thomas, 1984). Therefore, it seemed possible that, if there
was a lack of carbonic anhydrase in the ureter, slow
equilibration of the CO, hydration reaction might be
partly responsible for the apparent failure of CO,—HCO,~

20 min

<o _JL_M

130 4M DIDS

LJ

5 mM trimethylamine

S [ I |

5 mM trimethylamine

—J

5 mM trimethylamine

CO,-HCO; free

Figure 4. Pen recordings of an experiment to determine intracellular buffering power in the
presence (5 %) and nominal absence of CO,

Trimethylamine (5 mm) was added to the superfusing solution during the intervals indicated and
towards the end of the experiment 130 um DIDS was added to the superfusing solution. Buffering
power, calculated from the observed changes in pH,, was 10-2, 10-1, 13'9 and 13-8 mequiv H*
(pH unit)™ 1™ in the presence of 5% CO, and 12-0, 99, 11-6 and 10-6 mequiv H* (pH unit)™ I in the
nominal absence of CO,—~HCO,™ (values given from left to right in each case). Note that if the
CO,-HCO,™ system did contribute to intracellular buffering as expected theoretically, the buffering
power should have been increased by about 48 mequiv H* (pH unit)™1™. In other words, the
changes observed in the presence of CO,—HCO,~ should have been about 6 times smaller. The
preparation was superfused with modified Krebs solution buffered with 5% CO,-21 mm HCO,~
except during the interval indicated when it was replaced with a solution equilibrated with 100%
0,, buffered to the same pH with 21 mm NaHepes.
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20 min
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Figure 5. Pen recordings of an experiment to investigate the effect of the carbonic anhydrase
inhibitor, acetazolamide on pH; transients induced by alteration of the external CO, level and
by application and removal of 3:75 mm (NH,),SO,

The preparation was superfused with modified Krebs solution buffered with 5% CO,—21 mm HCO,~
except during the intervals indicated when it was replaced with solution buffered to the same pH
with 21 mm NaHepes, equilibrated with 100% O,.

to contribute to cellular buffering. The presence of
carbonic anhydrase was therefore tested by investigating
the effect of acetazolamide. Application of 100 um
acetazolamide caused a small acidification, as shown in
Fig. 5, which was reversible on removal of the drug (not
illustrated). But the continued presence of acetazolamide
had no effect on any transient changes in pH, induced

either by alteration of the CO, level or by application and
removal of an ammonium salt. This would tend to confirm
the absence of carbonic anhydrase in the smooth muscle of
the ureter. Nevertheless, it is difficult to see how a lack of
carbonic anhydrase could prevent -contribution to
buffering power over the long steady-state periods
illustrated in Fig. 4 (up to 8 min).
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Figure 6. Pen recordings of an experiment to investigate the effect of 10% Na} (replaced by
Tris) on the recovery of pH, from an acid load induced by application and removal of 2:5 mm
(NH,),80, in the nominal absence of CO,—HCO,~

Note that recovery from acidosis induced by application of solution buffered with 5% CO,—21 mm
HCO,™ was faster than the recovery from acidosis in the nominal absence of CO,. The preparation
was superfused with solution equilibrated with 100% O, and buffered with 21 mm NaHepes except
where indicated otherwise.
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30 min

I L | ||
5 mequiv NH,* 5 mequiv NH/* 5 mequiv NH,* 5 mequiv NH,*

Nag (%) 1 | [ 100
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Figure 7. Pen recordings of an experiment showing the effect of 10% Na?} and the absence of
Na} (replaced by Tris) on the recovery from acidosis induced by application and removal of
2:5 mm (NH,),SO, in the presence of 5% CO,~21 mm HCO,~
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Figure 8. Pen recordings of an experiment to investigate the effect of 10% Na! and the
absence of Na?! (replaced by NMDG?) on the pH, transients induced by changing between
solutions equilibrated with 5% CO,, 95% O, and 100% O,

The preparation was superfused with solution equilibrated with 5% CO, except during the intervals
indicated otherwise.
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The effect of reduction or removal of external
Na™* on the recovery from intracellular
acidosis

Previous studies of the ionic mechanisms responsible for
regulation of pH, have almost universally demonstrated
Na*-dependent processes for the effective extrusion of acid
equivalents (see Bock & Marsh, 1988). The Na* requirement
of both the HCO,™-independent and -dependent recoveries
from acidosis was therefore tested. In the nominal absence
of CO,—HCO,~, recovery from an acid load induced by
application and removal of an ammonium salt was
substantially slowed when Na! was reduced to 10%, as
shown in Fig. 6. Restoration of the normal Na} then
accelerated the recovery to a greater rate than that
observed under control conditions. The mean half-time for
recovery was 269+ 4:6min (n=3) in 10% Na} and
16+ 0-1min (n=3) on reapplication of 100% Na}
compared with 46 + 08 min (n=3, paired data) in the
continual presence of 100% Na?.

In CO,-HCO,™ -buffered solutions, reduction of Na} to
10% had a much smaller effect on the rate of recovery from
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acidosis than it did in the nominal absence of CO,—HCO,".
This is illustrated for application of an acid load both by
addition and removal of an ammonium salt in the
continuous presence of 5% CO, (Fig.7) and by changing
from nominally CO,-free solution to one equilibrated with
5% CO, (Fig. 8). The mean half-time of the recoveries in
10% Na} was 44+ 09min (n=11) compared with
2:8 + 0'6 min (n =11, paired data) in 100% Na?}. Recovery
from acidosis in CO,-HCO, -buffered solution could,
nonetheless, be inhibited by complete removal of Na}. As
shown in Fig.7, acidosis following removal of an
ammonium salt in the absence of Na} was followed by a
further slow fall in pH,. However, when extremely low
PH, levels were achieved (below about 6-4), there was some
Na*-independent recovery of pH, in the presence of
CO,-HCO,~, whereas there was none in the nominal
absence of CO,—HCO,~ (see Fig. 8). In the absence of Na_
and nominal absence of CO,—HCO,~, pH, continued to fall,
even below a value of about 6-0 (see also Fig. 3 of Aickin,
1994a). Reapplication of Na} in the presence of
CO,—HCO,~ caused an immediate and rapid recovery of
pH; (mean half-time of 11+ 0-5min, n=3) with an
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Figure 9. Relationship of the rate of change of pH, to Na}

Data in the presence (®) and nominal absence (O) of CO, were obtained from recoveries of pH,
following acidosis induced by application and removal of ammonium salts and have been
normalized to the mean rate of change of pH, in 100% Na?, (136 mm) and 5% CO,. They are given at
0-4 pH units acid displacement from the appropriate steady-state pH,, i.e. that recorded in the
experimental solution or, in the case of Na*-free solutions, in 6-8 mm Na} with the same buffer
system and Na™* substitute. Data between 68 and 68 mm Na} were obtained from acid loads applied
after pH, had stabilized in the lowered Na? solution. This period will also have allowed equilibration
of the transmembrane Na* gradient (Aickin, 1987). For Na} concentrations lower than 6:8 mm, acid
loads were applied while pH, was still falling (e.g. Fig. 7) but after the transmembrane Na* gradient
should have stabilized. The rate of change of pH, was calculated from the first differential (— Ke™¥%)

of the exponential describing the recovery (y = e™**

, where K is the rate constant of the recovery),

except for the Na*-free data where the rate was measured directly. It should be noted that this data
does not represent net flux of acid equivalents, which would be derived from multiplication by the
buffering power. Standard error is indicated by the vertical bars, except where it is within the size

of the symbol; n = 3-11.
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Figure 10. Pen recordings of an experiment showing the effect of 100 uM amiloride on the
recovery from acidosis induced by application and removal of 2:5 mm (NH,),SO, in the
presence of 5% CO,~21 mm HCO,~ and in solution equilibrated with 100% O,, buffered to the

same pH with 21 mm NaHepes

increase of as much as 1 pH unit in 4 min. This recovery
overshot the pH, previously recorded under control
conditions and was followed by a slow decline back to the
control value. Both in the presence and nominal absence of
C0,-HCO,", recovery of pH, on reapplication of Na} was
accompanied by a marked hyperpolarization (see Figs 6, 7
and 8).

It should be noted that reduction of Na} affected pH,.
Reduction from 100% always caused acidosis, although the
extent was greater when Tris (Figs 6 and 7), rather than
NMDG* (Fig. 8), was used as the Na* substitute (see also
Deitmer & Schlue, 1988). Reduction from 10% Na}
frequently caused a transient alkalosis (e.g. Fig. 7, see also
Fig.1 of Aickin, 1985). The cause of these changes,
particularly the alkalosis, is not clear. Reversal of Na*-
dependent acid extrusion mechanisms may contribute to
the acidosis, as also could reversal of Na*—Ca®* exchange
via raising the intracellular Ca** concentration (Aickin,
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Brading & Walmsley, 1987; see also Meech & Thomas,
1977). But since the intracellular Na* stabilizes on
reduction of Na} in under 10 min (Aickin, 1987), such
reversals cannot account for the continuing acidosis
observed in Na*-free solutions (e.g. Figs 7 and 8). This
would seem likely to reflect metabolic production of acid
equivalents since, at least in the nominal absence of
CO,-HCO,™, pH, fell well below the level predicted by a
passive distribution of protons, i.e. pH, continued to fall
when any passive movement of acid equivalents would
tend to raise pH,.

Apparent Na* affinities of the HCO,™-
dependent and -independent mechanisms for
effective extrusion of acid equivalents
Comparison of the effect of 10% Na} on the recovery from

acidosis in the presence (Figs 7 and 8) and nominal absence
(Fig. 6) of CO,—HCO,~ would suggest that the HCO, -

Figure 11. Relationship of the initial rate of fall of pH, on
application of amiloride (100 uM or 1 mm) to the steady-state pH;
in the nominal absence of CO,—HCO4~

Each point represents the result of an individual application. Filled

. symbols depict data from eleven different cells while open symbols
depict data obtained in a single cell over a period of several hours (see
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dependent mechanism had a greater apparent affinity for
Na? than the HCO,™ -independent mechanism. Indeed Na}
had to be reduced to 1 or 2% in the presence of 5% CO,
(e.g. see Fig. 1 of Aickin, 1985) to induce a similar degree of
slowing of the pH, recovery as observed on reduction to
10% in the nominal absence of CO,—HCO,~. However,
inhibition of the Na*-dependent mechanisms by complete
removal of Na} did not result in an essentially clamped
pH, following application of a moderate acid load, as it
does in many other preparations (see Roos & Boron, 1981).
The continued fall in pH, observed in the absence of Na?,
at least to a pH, of approximately 64, indicates that
significant extrusion of acid equivalents would be required
even to maintain a constant pH, above about 6-4, and it
should be noted that the fall in pH, was faster in the
nominal absence than in the presence of CO, (see Fig. 8).
Figure 9 shows the relationship between the rate of change
of pH, and Na} in both the presence and nominal absence
of CO, at 0-4 pH units acid displacement from the steady-
state pH, recorded under the appropriate conditions (see
legend to Fig.9). This would suggest an apparent half-
maximal activation for the HCO,™-independent mechanism
of about 20mM Na! and for the HCO, -dependent
recovery of about 4 mm Na}.

Effect of amiloride on the recovery from
acidosis

The finding of a Na*-dependent recovery from acidosis in
the nominal absence of CO,—-HCO,~ with an apparent
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half-maximal activation at about 20 mm Na™* suggests that
Na*-H* exchange may be the underlying mechanism (see
Aronson, 1985). I therefore tested the effect of amiloride, a
well-established inhibitor of Na*—H* exchange, in many
preparations. Figure 10 shows that in the nominal absence
of CO,—HCO,™, 100 um amiloride greatly slowed the
recovery from acidosis (mean half-time 17'5 + 5:8 min
compared with 4:0 £ 1'0 min, n =5, in the absence of the
drug; paired data). This inhibition was reversible
immediately on removal of the drug when recovery
proceeded at the same rate as observed without prior drug
treatment. Interestingly, amiloride did not cause as
profound an inhibition of the recovery from intracellular
acidosis as did removal of Na!. Some recovery was
observed at moderate acidosis (approximately pH 6-8) in
the presence of amiloride, whereas pH, continued to fall in
the absence of Na! (see Fig. 8). This may reflect incomplete
inhibition by amiloride or some residual activity of the
HCO,™-dependent mechanism in Hepes-buffered solutions
due to metabolic production of CO, (see Aickin & Brading,
1984).

Application of amiloride in the steady state in the
nominal absence of CO,—~HCO,~ caused a fall in pH, (see
Fig. 4 of Aickin, 1989) at a rate dependent upon the
steady-state pH,, as illustrated in Fig. 11. Cells in which a
relatively low pH, was recorded in Hepes-buffered solution
showed a rapid fall in pH, on application of amiloride,
whereas those in which pH, in Hepes-buffered solution was
close to that recorded in CO,-HCO, -buffered solution

20 min

1 mM amiloride

66
68
70
72
7-4

| W—
5 mequiv NH,*

CO,-HCO;™ free

Figure 12. Pen recordings of an experiment to investigate the effect of 1 mm amiloride on the
recovery from considerable acidosis in the presence of §% CO,—21 mm HCO,~

Acidosis was induced, after equilibration in nominally CO,—HCO, -free solution, by application
and removal of 2'5 mm (NH,),SO, with simultaneous return to CO,—HCO, -buffered solution on
removal of the ammonium salt in the first two instances. Recovery from the third acidosis was

recorded in the nominal absence of CO,—~HCO,".
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showed only a very slow fall. The relationship of the rate
of fall of pH, to the steady-state pH; was particularly well
demonstrated by the data obtained in a single cell (open
symbols in Fig. 11) where the effect of removal of CO, from
the superfusing solution and subsequent application of
amiloride was repeatedly tested over a period of several
hours (cf. Fig. 2). At first, pH, fell to a very low level in the
nominal absence of CO,—HCO,~ (6:71) and application of
amiloride caused a dramatic fall in pH,, but 3 and 7h
later, pH, stabilized at progressively higher values (7-03
and 7-15, respectively) and application of amiloride had
progressively smaller effects. On the assumption that
application of amiloride in the nominal absence of
CO,—-HCO,~ leaves a largely unopposed intrinsic
intracellular acid loading, this would suggest that the
degree of intrinsic acid loading decreased with time from
excision of the preparation from the animal. Consequently,
this also suggests that, in the nominal absence of
CO,-HCO,", pH, is dictated by the degree of intracellular
acid loading and that the capacity of the Na*-H*
exchanger alone is insufficient to maintain the ‘normal’
PH, in a freshly excised preparation. Nevertheless, the
data illustrated in Fig. 11 indicate that Na*—H* exchange
was stimulated by decreasing pH, and probably reflect the
activation of Na*—H* exchange by internal H*.

Although amiloride caused considerable inhibition of
the recovery from acidosis in the nominal absence of
CO,-HCO,~, it had no discernable effect on the recovery
from a similar experimental acid load in the presence of
CO0,-HCO,, as shown in Fig.10. However, in this
experiment and others like it (see Fig. 3 of Aickin, 1988
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and Fig.1 of Aickin, 1989), acidosis in the presence of
CO,—HCO,~ decreased pH, to a value similar to the
steady-state pH, recorded in the nominal absence of
C0,-HCO,", i.e. to a pH, at which Na*-H* exchange no
longer caused an alkalosis in the nominal absence of
CO,-HCO,”. I therefore investigated the effect of
amiloride in the presence of CO,—HCO,™ at a sufficiently
acidic pH, for Na*-H"* exchange to cause an alkalosis in
Hepes-buffered solution. In the experiment illustrated in
Fig. 12, acid loading was induced by application of an
ammonium salt in the nominal absence of CO,—HCO;",
followed by removal of the ammonium salt together with
simultaneous return to solution buffered with 5%
CO,—21 mm HCO,™. The pH, fell to about 66, but 1mm
amiloride still had no discernable effect on the rate of
recovery. Recovery from a similar pH, in the nominal
absence of CO,—HCO,~ was substantially inhibited by the
presence of amiloride.

Since inhibition of the Na*—H* exchanger by amiloride
is through an essentially competitive interaction with Na*
(Kinsella & Aronson, 1981; Ives, Yee & Warnock, 1983),
another possible explanation for the failure of amiloride to
inhibit the recovery from acidosis in the presence of
C0,-HCO,™ is that the apparent affinity of the exchanger
for Na* was increased (note that the apparent half-
maximal activation for the recovery from acidosis in the
presence of CO,—HCO,~ was about 4 mm compared with
about 20 mM in the nominal absence of CO,—-HCO,").
However, reduction of Na¢ to 5% (Fig. 13) or even 2% (not
shown) did not reveal any inhibition by amiloride in the
presence of the CO,—HCO,™~ buffer.

30 min

1 mM amiloride

 S—
7-5 mequiv NH,*

| —
7-5 mequiv NH,*

CO,-HCOj5™ free

Figure 13. Pen recordings of an experiment to determine whether increased affinity for Na*
and hence competition with amiloride was responsible for the failure of amiloride to inhibit
recovery from acidosis in the presence of CO,—~HCO4~

Acid loading was induced by application and removal of 3:75 mm (NH,),SO,. Na* was replaced by
NMDG*. The preparation was superfused with modified Krebs solution equilibrated with 5%
CO,—21 mm HCO,~ except during the interval indicated when it was replaced with solution buffered
to the same pH with 21 mm NaHepes, equilibrated with 100% O,.
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DISCUSSION

These results demonstrate that recovery of pH, from
acidosis in the smooth muscle of guinea-pig ureter is
almost entirely Na* dependent. Two mechanisms have
been revealed by their different dependence on
C0,-HCO,"~, apparent affinity for Na} and sensitivity to
amiloride. These data indicate that Na*—H* exchange is
solely responsible for the recovery from an experimentally
induced acid load in the nominal absence of CO,—HCO,".
In this unphysiological condition, the pH; of freshly
excised cells falls to relatively low steady-state levels
(6-:06—6-89), although the Na*~H™" exchanger appears to be
activated at about 7-2-7-3 (see Fig.11). Only when the
HCO,™-dependent mechanism is operative in CO,—~HCO,"-
buffered solution, can the pH, of freshly excised cells be
maintained at the normal, relatively alkaline level
(7-03-7-45), although under these conditions Na*-H*
exchange appears to play little part.

Na*-H"* exchange

The Na* dependence and amiloride sensitivity of the
recovery from acidosis in the nominal absence of
CO,-HCO,™ are characteristic of the operation of Na*-H*
exchange for H* efflux and add to the body of evidence for
the presence of this exchanger in smooth muscle (see
Introduction). More detailed analysis of the properties of
the HCO, ™ -independent recovery from acidosis also shows
close similarities with the Na*-H* exchanger so well
characterized in a wide variety of plasma membranes (for
review see Aronson, 1985). The apparent half-maximal
activation of the HCO, -independent recovery at about
20mM Na* compares well with that found in other
preparations. In addition, the amiloride-sensitive mech-
anism in the ureter appears to have a steep activation
with decreasing pH, below about 7-2 (Fig.11), closely
matching the activation curve found in sheep heart
Purkinje fibres (Kaila & Vaughan-Jones, 1987) and also in
lymphocytes (Grinstein, Cohen & Rothstein, 1984).
Finally, reduction of intracellular Na* would appear to
stimulate the HCO,™-independent recovery from acidosis,
indicated by acceleration of pH, recovery when 100% Na}
was restored after a period in low Na! (when intracellular
Na* would have been lowered; Aickin, 1987) over and
above that observed when Na} was maintained at 100%
(Fig. 6). This property has also been found for the Na*-H*
exchanger in lymphocytes (Grinstein et al. 1984).

Although Na*-H* exchange is clearly capable of
regulating pH, to a level more alkaline than that predicted
by a passive distribution of H* ions in the nominal absence
of CO,—HCO,™ in the vast majority of cells tested, it does
not necessarily follow that the exchanger forms an
important part of the pH, regulating mechanism under
more physiological conditions. Even in the nominal
absence of CO,—HCO,™, this exchanger seems inadequate
to maintain pH, at its ‘normal’ level in freshly excised
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preparations. Despite apparent activation of the exchanger
at pH, values below about 72 (Fig. 11), pH, in Hepes-
buffered solution was always below 69 in freshly excised
preparations and in some cells was even more acidic than
predicted by a passive distribution of protons. Only many
hours later, most noticeably after 24 h cold storage, did
pH, approximate to 72 in Hepes-buffered solutions.
Deterioration of the preparation might be expected to: (1)
decrease the capacity of active transport, (2) increase
passive leaks and (3) decrease the metabolic rate. Only the
last of these can explain the increase in steady-state pH,
with time. Furthermore, it is notable that the lower the
steady-state pH; in Hepes-buffered solution, the faster
was the fall in pH, on application of amiloride, i.e. the
greater was the apparent rate of intrinsic intracellular
acid loading. It is worth emphasizing that intracellular
production of acid equivalents must be largely responsible
for the acidosis observed when extrusion mechanisms were
inhibited since, at least in the nominal absence of
CO,-HCO,~, pH, continued to fall below the level
predicted for a passive distribution of H* ions.

The failure of amiloride to affect the rate of pH,
recovery detectably, even from considerable acidosis, in
C0,-HCO,™-buffered solutions suggests that the Na*-H*
exchanger plays little role under physiological conditions.
At first sight, this result seems easy to explain. If the use
of CO,—HCO,™ -buffered solutions increased the intracellular
buffering capacity as predicted on theoretical grounds, the
effective rate of extrusion of acid equivalents could be up
to 6 times greater in the presence than in the nominal
absence of CO,—~HCO,~. Thus, the contribution from
Na*-H* exchange could be below the level of detection.
However, determination of the intracellular buffering
power very surprisingly revealed that it was the same in
both the presence and nominal absence of CO,—HCO,™.
This result is difficult to rationalize. If the intracellular
compartment behaved as a closed system, intracellular
buffering would not be much affected by the presence of
the CO,—HCO,~ buffer in the superfusing solution. But it
would appear that CO, both enters and exits the
intracellular space readily, judged from the speed of the
initial changes in pH, on alteration of the external CO,
level, certainly rapidly enough for CO, to reach
equilibrium across the sarcolemma during the time course
of the changes used for estimation of cellular buffering.
Thus, it would seem that the conditions for an open
system should prevail. Likewise, although the apparent
lack of carbonic anhydrase in this preparation, indicated
by the lack of effect of prolonged exposure to
acetazolamide (see also Miihleisen & Kreye, 1985), would
decrease the contribution of the CO,—~HCO,~ system to
instantaneous buffering, it should have no effect on its
contribution to the maintained alkaline loads used.
Diffusional delays may complicate the pH, transients
recorded in this multicellular preparation and hence affect
the calculated values of intracellular buffering power (see
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Bountra, Powell & Vaughan-Jones, 1990). Such delays
would tend to cause the values to be overestimated but it
should be noted that particularly low values were obtained
(12-14 mequiv H* (pH unit)™I™). Slower equilibration of
ammonia and trimethylamine in Hepes-buffered solution
could perhaps be implicated (see Bountra et al. 1990), but
this would have to be matched by a slow effective influx of
acid equivalents such that after an initial change, pH, was
held constant. The records, however, provide no evidence
for a difference in the rate of ammonia or trimethylamine
entry, nor is there any obvious reason why the presence or
nominal absence of CO,-HCO,” should influence the
permeation of these species.

Although I can offer no explanation of why CO,—-HCO,~
does not apparently increase the intracellular buffering
capacity as expected, it is notable that this finding has
been made in other smooth muscle cells when the buffering
power has been determined experimentally in both the
presence and nominal absence of CO,—HCO,™. Aalkjer &
Hughes (1991) have reported values of 17 and 20 mequiv H*
(pH unit)™ 1! in the nominal absence and presence of 5%
CO,, respectively, in segments of rat mesenteric arteries,
while Baro and co-workers (Baro et al. 1989) have given a
preliminary report of a value around 14 mequiv H*
(pH unit)™ 1™ in isolated vascular smooth muscle cells.
Measurements in a smooth muscle-like cell line have given
a mean value of 10 mequiv H* (pH unit)?I™ in the
nominal absence of CO, (Putnam & Grubbs, 1990) while the
published records in the presence of 5% CO, (Putnam,
1990) suggest a value of 11 mequiv H* (pH unit)™1™.
Significantly, all these results were obtained using a
fluorescent indicator to measure pH,, thus suggesting that
this puzzling finding is not an artifact of the double-
barrelled pH-sensitive microelectrode. It is also notable
that estimation of buffering power in guinea-pig vas
deferens, from changes in pH, that were followed by
minimal recovery on alteration of the CO, level from
3-7%, gave a mean value of 8:6 mequiv H* (pH unit)™ 1™
(Aickin, 1984). This value should have included the
buffering capacity due to the CO,—HCO,~ system at 3%
CO,, at HCO,~ concentrations up to 8 mM, which alone
would have given a value of up to 18 mequiv H*
(pH unit)™I"". Finally, it should be noted that the
observations of essentially equal rates of recovery from
acidosis and effectiveness of inhibition by amiloride in
both the presence and nominal absence of CO,—HCO,™ in
the smooth muscle cells of the guinea-pig femoral artery
(Aickin, 1994b) are consistent with the hypothesis that
C0,—HCO,~ does not apparently contribute to intracellular
buffering.

If the intracellular buffering power is not increased in
the presence of CO,—HCO,~, then the failure of amiloride
to affect the rate of recovery from acidosis in the presence
of CO, must be explained either by Na*~H* exchange not
being inhibited by amiloride in this condition, or by it
being inoperative. An increase in the affinity of the
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exchanger for Na! (consistent with the lower Na*
concentration for apparent half-maximal activation in the
presence rather than nominal absence of CO,—HCO,") and
hence decrease in the efficacy of amiloride was ruled out by
the continued lack of effect of amiloride when Na} was
reduced to 5 or even 2%. Certainly in other preparations
Na*-H* exchange remains sensitive to amiloride in
CO0,-HCO, ™ -buffered solution (see Aickin, 1986, 1992b). It
would therefore seem more likely that Na*-H* exchange
was ‘switched off” in the presence of CO,—HCO,™.

Steady-state pH, in the presence and nominal
absence of CO,~HCO,~

Given the presence of both HCO, -dependent and
-independent mechanisms for the effective extrusion of
acid equivalents, it is perhaps surprising that such
different steady-state pH,; values are recorded in the
presence and nominal absence of CO,—HCO,™ in freshly
excised preparations. Steady-state acidosis in the nominal
absence of CO,—~HCO,~ was first reported in guinea-pig vas
deferens (Aickin, 1984) and has since been found in other
smooth muscles (e.g. Korbmacher et al. 1988; Boyarksy et
al. 1988; Putnam & Grubbs, 1990) and glial cells
(Kettenmann & Schlue, 1988; Deitmer & Schlue, 1989).
Although now accepted as a familiar pattern of behaviour,
its underlying cause has not been established.

The most likely explanation of this phenomenon is that
the capacity of the HCO, -independent mechanism, the
Na*-H"* exchanger, is by itself inadequate to counteract
the rate of intrinsic intracellular acid loading. Certainly
the exchanger is operative at the low steady-state pH,
recorded in the nominal absence of CO,, as indicated by
the fall in pH, on application of amiloride. This rules out
the possibility that a low threshold of the Na*-H*
exchanger could account for the low pH, in the nominal
absence of CO,—HCO,”. Indeed the Na*—H* exchanger
appears to be geared to regulate pH, close to the relatively
alkaline level recorded in the presence of CO,—~HCO,", as
indicated by the approximation of steady-state values in
the presence and nominal absence of CO,—HCO,™ in aged
cells and by the negligible effect of amiloride when applied
in the nominal absence of CO,—HCO,;™ in these cells.

The fact that fresh cells could maintain a higher pH, in
the presence rather than nominal absence of CO,-HCO,~
could simply reflect operation of the additional HCO,™ -
dependent mechanism, characterized in the following
paper (Aickin, 1994a). The possibility that application of
C0,-HCO,™ may stimulate the Na*~H* exchanger, either
by alteration of its kinetics or by insertion of more
exchangers into the membrane, seems unlikely because of
the decreased sensitivity to amiloride in the presence of
CO,—HCO,". Indeed the failure of amiloride to affect the
rate of pH, recovery from acidosis in the presence of
CO,—HCO,~ suggests that the HCO, -dependent
mechanism was considerably more potent than Na*-H*
exchange. Recovery from acidosis occurred at the same



J. Physiol. 479.2

rate when the HCO, -dependent mechanism was
operative (CO,—HCO,™ -buffered solutions) whether or not
the exchanger was functional (presence and absence of
amiloride), whereas recovery was faster when both the
exchanger and HCO, -dependent mechanism were
functional (CO,—~HCO, -buffered solutions) rather than
when the exchanger alone was operative (in the nominal
absence of CO,—HCO,"). Note that, if CO,—HCO,™ did add
to the intracellular buffering capacity, the contribution of
the HCO, -dependent mechanism would be even greater
than is apparent from the recordings of pH,. However, the
rate of recovery from acidosis and the steady-state pH, are
not only dependent on the rate of effective acid extrusion
but also on the rate of intrinsic intracellular acid loading.
The latter was quite considerable in these experiments and
appeared to be greater in the nominal absence of
CO,—HCO,™ rather than in their presence. pH, fell notably
faster in the nominal absence rather than presence of
CO,-HCO,™ after removal of Na} (until passive pH, was
reached; Figs 8 and 3 of Aickin, 1994a) and after removal
of ClI; (until normal pH, was reached; Fig.1 of Aickin,
1994a). Even if CO,-HCO,” contributed to cellular
buffering, as expected theoretically, these data would
reflect up to 4 times greater flux of acid equivalents in the
nominal absence of CO,—HCO,".

Finally, it is worth considering whether alteration of
the extracellular buffering capacity and hence of the pH at
the immediate surface of the preparation influences the
pH, transients and steady-state values in the presence and
nominal absence of CO,—~HCO,™ (see de Hemptinne,
Morranne & Vanheel, 1987). Increased intracellular acid
loading and hence acid extrusion in the nominal absence of
C0,—-HCO,™ may lead to a lower surface pH and hence
contribute to the slower recovery and lower steady-state
pH,. If this were the case, decreasing the extracellular
buffering (i.e. reducing the NaHepes concentration from 21
to 5 mm) should further decrease the rate of recovery from
acidosis and the steady-state pH,, but this was not
observed. Indeed changes in surface pH do not appear to
play a significant role in these experiments since
increasing the buffering power of the CO,-containing
solution (by addition of 21 mm NaHepes) was also without
effect on pH, transients or steady-state values.

REFERENCES

AALKJ &R, C. & CRAGOE, E. J. (1988). Intracellular pH regulation
in resting and contracting segments of rat mesenteric
resistance vessels. Journal of Physiology 402, 391-410.

AaLki&r, C. & HucHes, A. (1991). Chloride and bicarbonate
transport in rat resistance arteries. Journal of Physiology 436,
57-73.

Aickin, C. C. (1981). A double-barelled micro-eclectrode suitable
for measurement of intracellular chloride activity (af,) in
guinea-pig vas differens. Journal of Physiology 320, 4-5P.

Airckin, C. C. (1984). Direct measurement of intracellular pH and
buffering power in smooth muscle cells of guinea-pig vas
deferens. Journal of Physiology 349, 571-585.

Na* dependence of pH regulation in ureter 315

Airckin, C. C. (1985). The effect of Na* and HCO,™ ions on recovery
from an acid load in the smooth muscle of guinea-pig ureter.
Journal of Physiology 369, 80P.

Arckin, C. C. (1986). Intracellular pH regulation by vertebrate
muscle. Annual Review of Physiology 48, 349-361.

Arckin, C. C. (1987). Investigation of factors affecting the
intracellular sodium activity in the smooth muscle of guinea-
pig ureter. Journal of Physiology 385, 483-505.

Aickin, C. C. (1988). Movement of acid equivalents across the
mammalian smooth muscle membrane. In Proton Passage
Across Cell Membranes. CIBA Foundation Symposium 139, ed.
Bock, G. & MaRrsH, J., pp. 3-22. John Wiley, Chichester, UK.

Arckin, C. C. (1989). Mechanisms involved in control of
intracellular pH in smooth muscle. Verhandlungen der
Deutschen Zoologischen Gesellschaft 82, 121-129.

ArckiN, C. C. (1994a). Regulation of intracellular pH in the
smooth muscle of guinea-pig ureter: HCO;~ dependence.
Journal of Physiology 479.

AI1ckiN, C. C. (1994b). Regulation of intracellular pH in smooth
muscle cells of the guinea-pig femoral artery. Journal of
Physiology 479.

Aickin, C. C. & Braping, A. F. (1990). Effect of Na* and K* on
Cl™ distribution in guinea-pig vas deferens smooth muscle:
evidence for Na*, K*, CI~ co-transport. Journal of Physiology
421,13-32.

AickiN, C. C., Brabing, A. F. & WaLmsLEY, D. (1987). An
investigation of sodium-—calcium exchange in the smooth
muscle of guinea-pig ureter. Journal of Physiology 391,
325-346.

AmMaNnN, D., LanTtEr, F., STEINER, R. A., ScHULTHEss, P,
Suwo, Y. & Simon, W. (1981). Neutral carrier based hydrogen
ion selective microelectrode for extra- and intracellular
studies. Analytical Chemistry 53, 2267—2269.

AronsoN, P. 8. (1985). Kinetic properties of the plasma membrane
Na*-H* exchanger. Annual Review of Physiology 47, 545-560.

Baro, 1., EisNER, D. A., RammBach, S. J. & Wray, S. (1989).
Intracellular pH regulation and buffering power in single,
isolated vascular and intestinal smooth muscle cells. Journal of
Physiology 417, 161P.

Bock, G. & MarsH, J. (ed.) (1988). Proton Passage Across Cell
Membranes, CIBA Foundation Symposium 139. John Wiley,
Chichester, UK.

Boron, W. F., McCormick, W. C. & Roos, A. (1979). pH
regulation in barnacle muscle fibres: dependence on
intracellular and extracellular pH. American Journal of
Physiology 237, C185-193.

BounTra, C., PoweLL, T. & VaucHan-Jones, R. D. (1990).
Comparison of intracellular pH transients in single ventricular
myocytes and isolated ventricular muscle of guinea-pig.
Journal of Physiology 424, 343—-365.

Bovarsky, G., Ganz, M. B., SterzeL, R. B. & Boron, W. F.
(1988). pH regulation in single glomerular mesangial cells. I.
Acid extrusion in absence and presence of HCO;~. American
Journal of Physiology 255, C844-856.

Dawson, M. J. & Wray, S. (1985). The effects of pregnancy and
parturition on phosphorous metabolites in rat uterus studied
by *'P nuclear magnetic resonance. Journal of Physiology 368,
19-31.

DE HEMPTINNE, A., MORRANNE, R. & VANHEEL, B. (1987). Surface
pH and the control of intracellular pH in cardiac and skeletal
muscle. Canadian Journal of Physiology and Pharmacology 65,
970-977.

DEITMER, J. W. & ScHLUE, W.-R. (1988). Intracellular acidosis of
identified leech neurones produced by substitution of external
sodium. Brain Research 462, 233—241.

DEITMER, J. W. & ScHLUE, W.-R. (1989). An inwardly directed
electrogenic sodium-bicarbonate co-transport in leech glial
cells. Journal of Physiology 411, 179-194.



316 C. C. Aickin

GERSTHEIMER, F. P., MUHLEISEN, M., NEHriNG, D. & KREYE,
V.A.W. (1987). A chloride-bicarbonate exchanging anion
carrier in vascular smooth muscle of the rabbit. Pfliigers Archiv
409, 60-66.

GRINSTEIN, 8., CoHEN, S. & ROTHESTEIN, A. (1984). Cytoplasmic
pH regulation in thymic lymphocytes by an amiloride-
sensitive Na*™/H* antiport. Journal of General Physiology 83,
341-369.

Harper, D. R. (1982). Effect of H* and elevated Py, on
membrane electrical properties of rat cerebral arteries. Pfliigers
Archiv 394, 182-185.

Hatori, N., FINE, B. P.,, NAKAMURA, A., CRAGOE, E. J. & Aviv,
H. (1987). Angiotensin II effect on cytosolic pH in cultured rat
vascular smooth muscle cells. Journal of Biological Chemistry
262, 5073-5078.

IcHOROJE, A. D. & Spurway, N. C. (1985). How does vascular
muscle in the isolated rabbit ear adapt its tone after alkaline or
acid loads? Journal of Physiology 367, 46.P.

Ives, H. E,, YEE, V. J. & WarnNock, D. G. (1983). Mixed type
inhibition of the renal Na*/H* antiporter by Li* and
amiloride. Journal of Biological Chemistry 258, 9710-9716.

Kamwa, K. & VauveHaN-Jones, R. D. (1987). Influence of
sodium-hydrogen exchange on intracellular pH, sodium and
tension in sheep cardiac Purkinje fibres. Journal of Physiology
390, 93-118.

Kerrenmann, H. & Scuiug, W.-R. (1988). Intracellular pH
regulation in cultured mouse oligodendrocytes. Journal of
Physiology 406, 147-162.

KinseLL4, J. L. & Aronson, P. 8. (1981). Amiloride inhibition of
the Na*-H* exchanger in renal microvillus membrane vesicles.
American Journal of Physiology 241, F374-379.

Korsmacuer, C., HeLBic, H., StanL, F. & WiepeErHOLT, M.
(1988). Evidence for Na/H exchange and Cl/HCO, exchange in
A10 vascular smooth muscle cells. Pfliigers Archiv 412, 29-37.

MeecH, R. W. & Tromas, R. C. (1977). The effect of calcium
injection on the intracellular sodium and pH of snail neurones.
Journal of Physiology 265, 867-879.

MtuLEISEN, M. & KREYE, V. A. W. (1985). Lack of soluble
carbonic anhydrase in aortic smooth muscle of the rabbit.
Pfliigers Archiv 405, 234—236.

OweN, N. E. (1986). Effect of catecholamines on Na/H exchange in
vascular smooth muscle cells. Journal of Cell Biology 103,
2053-2060.

Purnam, R. W. (1990). pH regulatory transport systems in a
smooth muscle-like cell line. American Journal of Physiology
258, C470-479.

PurnaM, R. W. & Grusss, R. D. (1990). Steady state pH,,
buffering power, and effect of CO, in a smooth muscle-like cell
line. American Journal of Physiology 258, C461-469.

Roos, A. & Boron, W. F. (1981). Intracellular pH. Physiological
Reviews 61, 296—434.

SmitH, J. B. & Brock, T. A. (1983). Analysis of angiotensin-
stimulated sodium transport in cultured smooth muscle cells
from rat aorta. Journal of Cell Physiology 114, 284-290.

TroMas, R. C. (1984). Experimental displacement of intracellular
pH and the mechanism of its subsequent recovery. Journal of
Physiology 354, 3-22.

Tromas, R. C. & Coren, C. J. (1981). A liquid ion exchanger
alternative to KCl for filling intracellular reference
microelectrodes. Pfliigers Archiv 390, 96-98.

VieNE, P., BREITTMAYER, J.-P., FrReELIN, C. & Lazpunski, M.
(1988). Dual control of the intracellular pH in aortic smooth
muscle cells by a cAMP-sensitive HCO,™/Cl™ antiporter and a
protein kinase C-sensitive Na'/H* antiporter. Journal of
Biological Chemistry 263, 18023-18029.

J. Physiol. 479.2

WerssBerG, P. L., LittiE, P. J., CracoE, E. L. & BoBik, A.
(1987). Na—H antiport in cultured rat aortic smooth muscle: its
role in cytoplasmic pH regulation. American Journal of
Physiology 253, C193-198.

Acknowledgements

I am grateful to Dr A. F. Brading for helpful comments on an
early version of this manuscript and to the Medical Research
Council for financial support.

Received 9 April 1992; accepted 12 January 1994.



