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hepatocytes: Peterson et al., 1987; Walsh et al., 1988; Pereira et al., 1995) and cell signalling
(erythrocytes: Perry et al., 1996; hepatocytes: Fabbri et al., 1995).

If isolated cells are in an “unhealthy” state or have experienced cellular injury,
alterations in intracellular ion levels may occur. In hepatocytes exposed to anoxia in vitro,
intracellular levels of strong ions such as Ca®*, Mg® and Na* increase, whereas K decreases
(Berger et al., 1989; Gasbarrini et al., 1990). The increase in intracellular Na" is an important
characteristic of cellular injury following ATP depletion, demonstrating that the mechanism
for active Na* transport (the Na*-K* ATPase) is no longer able to remove intracellular Na*
(Carini et al., 1995). The mechanical stress experienced by hepatocytes during cell isolation
also can affect cytosolic content. In hepatocytes, K permeability (leakage to the medium) is
an issue that has been addressed along with other indicators of cell health (Mommsen et al.,
1994). Intracellular amino acids are also depleted following isolation (Seglen, 1976),
indicating some stress is experienced by hepatocytes leading to membrane instability and
leakiness.

Despite these findings, it is often taken for granted on the basis of established
protocols that the cells commonly used in experimentation are in a healthy state. The purpose
of this experiment was to examine the effects of cell isolation on ion levels in erythrocytes
and hepatocytes of rainbow trout, black bullhead and American eel, and to determine
whether isolated cells in vitro are able to regulate ions to the levels found in the animal in
vivo. These two different cell types served the purpose of an intercellular comparison and the
examination within each species of the effects of direct removal of cells (erythrocytes) and

cell isolation by collagenase digestion of a tissue (hepatocytes). In addition, plasma ion levels
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of the three species were measured, as were intracellular ion levels in hepatocytes as

compared to liver tissue.

MATERIALS AND METHODS
Experimental Animals

Rainbow trout, Oncorhynchus mykiss ((Walbaum), weighing 200 to 300 g were
obtained from Linwood Acres Trout Farm (Campbellcroft, Ontario, Canada). Black
bullheads, Ameiurus melas (Rafinesque), weighirmg 200 to 350 g were obtained from the State
University of New York at Brockport (Brockiport, NY, USA). American eels, Anguilla
rostrata (Lesueur), weighing 300 to 450 g were obtained from the St. Lawrence River by a
commercial fisherman (Lancaster, Ontario, Canatda). Rainbow trout and black bullhead were
transported to the University of Ottawa in oxygemated water and eels were transported on ice.
Fish were maintained on a 12L:12D photoperiod in fiberglass aquaria (water volume 500 1)
supplied with flowing, aerated and dechloraminated City of Ottawa tap water ([Na'] = 0.10
mmol I, [CI'] = 0.15 mmol I'"!, [Ca®] = 0.35 - 05.40 mmol I"!, [K*] = 0.03 mmol 1", pH 7.7 -
8.0). Trout and eels were kept at a water tempera:ture of 15 °C, whereas black bullheads were
kept at 20 °C. Trout and bullheads were fed a coommercial fish chow diet daily and eels were
not fed, but were used within 3 months of their amrival. Fish were held under these conditions

for at least 4 weeks prior to experimentation. All experiments were performed in late summer

and early fall.
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Blood Sampling

Trout and bullhead blood was removed by caudal puncture using needles primed with
saline containing 6.25 U/ml of the sodium salt of heparin (Sigma). The saline used for all
blood washes and incubations was Hanks’ medium (in mmol I'': NaCl, 136.9; KCl, 5.4;
MgSOQOys, 0.8; NaHCO3, 5; Na;HPO4, 0.33; KH,POs, 0.44; Hepes, 5; Na-Hepes, 5) containing
1.5 mmol.I"! CaCl, 3 mmol I'! glucose, 2 mmol I"! alanine and 2 mmol I"' lactate. The pH of
all experimental media was adjusted to 7.9 at 20 °C. Media were not gassed prior to or during
experimentation, although PO, and PCO, were consistently found to be 144 and 0.75 Torr,
respectively. Eel blood was collected post-decapitation from the trunk into a beaker
containing the same heparinised saline as above. Blood was transferred to 15 ml capacity
tubes and centrifuged (2 min, 1500 rpm; Sorvall RC centrifuge with SS-34 rotor) at 4 °C.
Following the removal of plasma, erythrocytes were rinsed twice by centrifugation with non-
heparinised saline removing the buffy coat layer in the process. Erythrocyte cell suspensions

were kept refrigerated at 4 °C until used during the 24 h experimental period.

Plasma Ion Contents

Plasma osmolarity was determined using a vapour pressure osmometer (Wescor, Inc.)
immediately following collection. Na*, K and total calcium (Caywi) concentrations were
determined using an atomic absorption flame spectrometer (Varian, SpectrAA-250 Plus) and
CI” concentrations were determined spectrophotometrically (Milton Roy Spectronic 1001
Plus) (Zall et al., 1956). Strong ion difference (SID) was calculated by determining the

difference between strong cations (Na‘, K* and Ca’*) and strong anions (CI). The
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concentration of ionic calcium (Ca2+) was calculated as being 50% of Cay,, which is an

approximation based on values in rainbow trout blood (Andreasen, 1985).

Hepatocyte Isolation

Rainbow trout and black bullheads were killed by a blow to the hegd, while eels were
decapitated. Following blood sampling, hepatocytes were isolated according to the method of
Mommsen et al. (1994). All solutions are modifications of complete Hanks’ medium (in
mmol I"': NaCl, 136.9; KCI, 5.4; MgSOs, 0.8; NaHCO3, 5; Na;HPOy, 0.33; KH,PO,, 0.44;
Hepes, 5; Na-Hepes, 5). The pH of all experimental media was adjusted to 7.9 at room
temperature (20 °C). A cannula was inserted into the hepatic portal vein and the connection
between the liver and the heart was cut to relieve vessel pressure. Blood was then cleared
from the liver by perfusion with a calcium free rinsing medium containing 1 mmol I' EGTA
in Hanks’ medium for 5 min. Liver digestion occurred enzymatically using collagenase
(Sigma type IV, 7.5 mg per 50 mlI" Hanks’ for trout and bullhead and 13 mg per 50 ml" for
eel). Collagenase perfusion of the liver occurred in situ in trout and bullhead. For eel, the
liver was removed post-cannulation and collagenase perfusion was performed on a watch
glass. Liver digestion was indicated by a softening of the liver and dispersal of the tissue, at
which time perfusion with collagenase was terminated. Livers were then minced using a
razor blade and filtered through a 253 and a 73 pm nylon mesh, respectively. The initial cell
suspension was added to a 30 ml capacity centrifuge tube and washed by centrifugation (3
min, 1500 rpm in a Sorvall RC centrifuge with SS-34 rotor) at 4 °C. Cells were finally
suspended and incubated in Hanks’ buffer containing 1.5 mmol 1! CaCl,, 3 mmol I"' glucose,
2 mmol I"' alanine, 2 mmol I"! lactate and 1% bovine serum albumin (ICN, clinical reagant

grade, 98% fat free). Cells were counted using a Bright-Line haemocytometer (Spencer) and
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viabilities were determined using the trypan blue exclusion method (Mommsen et al., 1994).

Cell populations in which viabilities were less than 70% post-isolation were discarded.

Cell ion Contents

Cell ion contents were measured according to Garcia-Romeu et al. (1991) with slight
modifications. Cell samples were collected from the suspension at various times following
isolation (for hepatocytes) or following removal from the fish (for erythrocytes). The
hematocrit (cytocrit for hepatocytes) was determined by centrifuging cells in micro-
hematocrit capillary tubes (VWR). Cell concentrations were modified so that a hematocrit or
cytocrit of approximately 25% was used to determine ion concentrations. Hepatocytes or
erythrocytes were removed from the suspension using a 1 ml syringe fitted with an 18 gauge
needle, then emptied into thin teflon tubing with a capacity of 0.1 ml and then centrifuged at
10,000 rpm for 10 min in a Sorvall RC refrigerated centrifuge. All experiments were
performed in triplicate. The densely-packed cell pellet was cut from the tube using a razor
blade and the wet solids were pushed into a pre-weighed aluminium weigh boat. Cell wet
weights were determined, and the cells were allowed to dry overnight in an oven at 50 °C.
Dry weights were determined and weigh boats containing cell solids were placed into 5 ml of
distilled water and allowed to sit for 24 h. Perchloric acid (final concentration 2%) was added
to the resultant fluid to precipitate protein. The fluid was centrifuged, the supernatant was
collected and diluted for the determination of ion contents. Na* and K contents were
determined using flame spectromeiry and Cl” was determined using colourimetry, as noted

above.
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Extracellular Water and Ion Determinations

Contamination of cell pellets by the extracellular medium was measured using radio-
labelled polyethylene glycol (*C-PEG) (Dupont, Boston, MA.). The percentage 'of
extracellular water was determined by comparing the radioactivity in the cell pellet to that in
the supernatant following a 10 min incubation and centrifugation at 10,000 rpm. Because
each tube contained a volume of 0.1 ml, an approximation of the volume of cells was
determined based on the cytocrit or hematocrit, with each percent representing 1 pl of fluid
volume. The extracellular water contamination in hepatocyte pellets varied between species
(trout, 20%; bullhead, 15%; eel, 25%) due to differences in cell morphology and packing
properties. As a result of the packing properties of the oval-shaped erythrocytes, the
extracellular water contamination of pellets for all species was below 1%, so no correction
factor was applied. The ion content of the determined volume of medium was obtained from
a standard curve constructed with different volumes of medium placed on weigh boats, dried
and processed as above for the cell samples. Corrections were made for the Na* and K*
contribution of the extracellular fluid from values determined from the standard curve and CI°
was corrected by subtracting the same value determined for Na®, since concentrations of both
ions are almost identical in the incubation medium. Ion concentrations were determined as

per L of cell water since cell volumes were known.
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Tissue Ion Contents

Livers were perfused with an approximately isosmolar (300 mOsm I'') solution of
sucrose until they were clear of blood (~ 30 seconds maximum). Three small pieces of tissue
(~150 mg) were immediately cut from random areas of the liver. Samples were placed in pre-
weighed aluminium weigh boats and allowed to dry overnight at 50 °C. The mass of dry
tissue solids was determined and the same procedure was followed as above for the
determination of cell ions. Ion concentrations were determined as per g of dry tissue since the

actual volume could not be accurately estimated as a result of tissue redistribution by sucrose

perfusion.

Statistics

All data are presented as the mean + one standard error of the mean (SEM). Statistical
differences were determined by performing either a Student’s t-test, or a one way ANOVA

followed by the Student-Newman-Keuls test for the pairwise comparison of means (p< 0.05).
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RESULTS

Ion levels in plasma of the three species are presented on Table 2-1. Plasma of all
species displayed characteristic high Na* and low K" levels, although there were some inter-
specific differences; notably the lower Na* concentration and osmolarity of bullhead plasma
and the higher CI levels in trout blood. Also of note is the larger strong ion difference (SID)
(Farrell and Lutz, 1975) in eel plasma.

Erythrocytes were analysed at 2, 6 énd 24 hours post-removal in order to determine if
any changes occurred during the normal rest period often used before experimentation with
erythrocytes. Erythrocytes removed from all 3 species demonstrated high K* and low Na*
concentrations and appropriate ClI” concentrations that did not change over a 24 h period (Fig.
2-1) with the exception of the eel which displayed a slight change in intracellular [K*] after
24 h. The only significant species difference was a lower intracellular Na* concentration in
trout erythrocytes compared with the other two species (Fig. 2-1).

Following the isolation of hepatocytes from the different species, ion levels were
monitored over the course of 6 h, the period within which experimentation with freshly
isolated hepatocytes is routinely undertaken. In trout hepatocytes, Na™ levels were initially
slightly lower than K*, but decreased over time as K increased (Fig. 2-2). The Na* and K*
levels were significantly changed after 4 and 6 h from the first measurement taken 30 min
post isolation. In bullhead hepatocytes, intracellular K™ was higher than Na*, and no change
occurred over the 6 h experimental period (Fig. 2-2). In eel hepatocytes, Na* and K"
concentrations were similar and did not change over time (Fig. 2-2). The levels of CI” did not

change over time in any species.
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Table 2-1: Ion levels, strong ion difference (SID) and osmolarity in plasma of three species

of teleost fish.

Rainbow trout (n=11) Black bullhead (n=7) American eel (n = 6)
Na* (mmol ) 135+3 119+4 * 146 £5
K" (mmol I') 5.68+0.64 # 4.29 +0.51 3.75+0.28 #
CI" (mmol I'") 133£3  * 112+4 116 £3
Ca ot (mmol 1) 1.53+£0.04 # 1.76 £0.15 1.97+0.10 #
SID (mmol 1Y) 7.6+22 12.5+3.6 325£54 *
Osmolarity (mOsm) 312+3  * 274+4 * 3306 *

Data are presented as the mean + SEM

A one way ANOVA followed by the Student-Newman-Keuls test for a pairwise comparison

of means was performed.

* indicates a significant difference from the two other species. # indicates a significant

difference between the two marked species.
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Figure 2-1. Intracellular ion concentrations (in mmol I'") in erythrocytes following isolation
from the different teleost species. Samples were collected at 2, 6 and 24 h post-isolation.
Data are presented as the mean + SEM (n = 6). * indicates a significant difference from ion

levels at 2 hours post-removal.
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Figure 2-2. Intracellular ion concentrations in hepatocytes folloWing isolation from the livers
of three teleost species. Samples were collected at 30 min, then at 1, 2, 4 and 6 h post-
isolation. Data are presented as the mean = SEM (n = 6). * indicates a significant difference

from ion levels at 30 min post-isolation.
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As a routine procedure, hepatocyte viabilities were determined post-isolation using
the trypan blue exclusion method (see Mommsen et al., 1994). Following a 2 hr rest period,
hepatocytes isolated from bullhead demonstrated high viabilities (~95%), followed by eels
(~85%) and trout (75-80%).

The ion levels in liver tissue from the 3 species were determined in order to compare
with isolated cells (Fig. 2-3). Since different experimental procedures were used for liver
tissue and hepatocytes and different units of concentration were obtained, this necessitated
the comparison of K':Na" and K":CI ratios (Table 2-2). The ratios observed in the intact
organ demonstrate that the intracellular levels of K™ are higher than Na" in all species, though

this difference is decreased in trout and eel in vitro.



35

400

1

350

300

250 A

200 -

150

1

100

50

lon Conc. (umol/g dry tissue)

g I I
T

Trout Bullhead Eel

Figure 2-3. Jon levels in liver tissue of the three species of fish. Data are presented as the

means + SEM (n = 6). * indicates a difference from the two other species.
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Table 2-2: A comparison of the ratios of strong ions in liver tissue and hepatocytes (6 h post

isolation).

K":Na* K":CI

Tissue Cells (0.5 h) Cells (6 h) Tissue Cells (0.5 h) Cells (6 h)

Trout S5.12+£0.14 1.22+0.08* 3.14+£023*# 285+0.59 1.07+0.10* 1.70 £0.12*#
Bullhead | 4.16 £0.39 1.88+0.30 * 2.64+ 0.49 254+0.16 1.56x0.11* 1.90%0.29

Eel 258+0.15 131+032* 132+023* 3.06+0.64 1.11+0.29% 1.07+0.25*

Data are presented as the mean + SEM (n = 6).
* Indicates a significant difference between cell and tissue ion ratios as determined by a
Student’s t-test (p<0.05). # indicates a difference in ratios between cells at 30 min post-

isolation and 6 h post-isolation.
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DISCUSSION

This study demonstrates the behaviour of intracellular ions in erythrocytes and
hepatocytes of three different teleost species following commonly used isolation procedures.
The typical incubation and experimental protocols involving the two cell types were closely
followed in order to represent the ionic state of the cells during actual experimentation. The
results demonstrate that the effects of the isolation procedure on intracellular ion levels is
tissue (i.e., liver versus blood) and species dependent. When cells are isolated from their
respective tissues, transmembrane gradients can be disrupted.

The straightforward procedure of isolating erythrocytes from blood by centrifugation
and washing has little effect on their intracellular ion levels in any of the species used in our
study. The intracellular levels of K* are high and those of Na* are low as would be expected
(Garcia-Romeu et al.,, 1991) and change very little over the 24 h test period. When
hepatocytes are isolated from liver tissue, the cells must undergo a more stressful mechanical
isolation procedure, but a time period termed “metabolic rest” does allow for some recovery
from the stresses incurred. In particular, cells can replenish ATP levels when incubated in a
medium containing glucose, amino acids and BSA (Mommsen et al., 1994) as occurred in
this study. The enzyme digestion using collagenase attacks collagen that holds the
hepatocytes together and this disruption could affect the properties of the cell membrane that
in turn may influence the intracellular environment. During the isolation period, cells are also
deprived of extracellular Ca®* as a result of perfusion with solutions that are free of Ca** and
that contain the Ca®" chelator EGTA. Since Ca’* is necessary for mechanisms regulating
membrane transport, its absence may-be a factor influencing the observed ion imbalances. If

cell iono-regulatory mechanisms are disrupted and the plasma membrane becomes “leaky”,
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the plasma or buffer ions may have an influence by increasing intracellular Na* and
decreasing K™ levels. This is supported by a previous study in which the disaggregation of
trout liver tissue caused the depolarisation of cells with a loss of intracellular K™ and normal
K" uptake did not occur despite a functional Na*-K* ATPase (Eddy et al., 1995). Despite any
negative effects that collagenase digestion might have on isolated cells, the advantages of its
employment may outweigh its disadvantages. An alternative collagenase-free method of cell
isolation used by Foster and Moon (1993) yielded sea raven hepatocytes with lower
metabolic activity, and lower sensitivity and responsiveness to hormones than those isolated
with collagenase. Ion levels, unfortunately were not investigated by these authors. The
incubation buffer used for hepatocytes was identical for all species, so even though
extracellular ions could influence those in the cytosol it would not explain the species
differences observed in Figure 2-2.

The intracellular ion levels observed in trout hepatocytes 30 min post-isolation
showed that Na* levels were higher and K* levels were lower than would be expected from
the intact liver values (Fig. 2-2). If hepatocytes are more permeable following isolation as
suggested by Seglen (1976) and Mommsen et al. (1994), extracellular ions may indeed
influence cytosolic levels. Recovery did occur over the course of the 6 h period following
isolation, with Na" levels decreasing and K" levels increasing. Only in trout hepatocytes was
it obvious that intracellular ion levels were being partially re-established, with an important
role likely being played by the Na'-K™ ATPase that maintains the electrochemical gradient
under normal conditions. In bullhead hepatocytes, K™ levels remained higher relative to those
of Na" during the 6 h monitoring period without any change occurring (Fig. 2-2), whereas eel

ion levels remained the same (Fig. 2-2). The reasons for the lack in intracellular ion recovery



39

in eel and bullhead hepatocytes are not clear, but several explanations may be proposed. It is
possible that eel and bullhead are unable to regulate ion levels back to ‘“normal” as is
occurring in the trout, or else this regulation may be much slower in eel and bullhead. It is
also possible that eel and bullhead hepatocytes do not experience the same mechanical stress
during the isolation process as trout, as indicated by their respective membrane integrities
determined by trypan blue exclusion (see Results). The ion levels observed in bullhead and
eel hepatocytes are likely those that are established in the isolated cells. The relative amounts
of intracellular Na*, K" and CI” ions differ between isolated hepatocytes (F ig. 2-2) and intact
liver tissue (Fig. 2-3) of all species, meaning that an ionic imbalance may be a common
occurrence following the cell isolation procedure. The liver tissue ion levels were determined
immediately following the clearance of blood by perfusion with an isosmolar sucrose
solution, so redistribution of tissue ions should not have been significant. The comparison of
tissue to cell ion levels should have been representative of those in the intact organism versus
those in the individual cells in suspension (Table 2-2).

The ion gradients that exist in a tissue in vitro can differ from those in the intact tissue
(Table 2-2), but can still be appropriate for the proper function of particular membrane
transport systems. The Na*-H" exchanger and the CI'-HCO;" exchanger, which are known to
actively participate in pH; regulation of teleost hepatocytes (Walsh, 1986; Walsh, 1989;
Walsh and Mommsen, 1992), can only function if appropriate Na* and Cl gradients exist.
Extracellular Na" and CI” concentrations are significantly increased compared with those of
the cytosol. In a recent study performed in our lab, hepatocytes of all three species examined
in this study were successfully employed in the study of pH; regulation showing functional

Na*-H" and CI'-HCOs" exchanger activity (Chapter 3; Furimsky et al., 1999a). In the same
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study, baseline pH; values were similar to those that wowld be found in the liver in vivo. The
K":Na" ratio in trout hepatocytes, though different from #hat in the tissue, is almost identical
to that in a study by Bianchini et al. (1988), suggesting that the ion imbalance following cell
isolation is typical of trout hepatocytes. Though an imbaKance existed immediately following
isolation in bullhead, K*:Na* and K':CI ratios in tissue amd hepatocytes at 6 hr post-isolation
did not differ. Regardless of the ion imbalances that m:ay exist, eel hepatocytes following
isolation have the ability to function metabolically (Foster and Moon, 1986). When
comparing the ionic composition of the plasma of the thwee species examined (Table 2-1) to
the hepatocyte intracellular ion levels determined (Fig. 2-2), an appropriate chemical gradient
exists for Na*, K* and CI, though it is different to that exi:sting in the intact organism.

Though isolated cells in suspension are routimely used in labs following well-
established protocols, it is also important to be confidert in the integrity of the respective
experimental model. The trypan blue exclusion metheod provides a good indication of
membrane integrity, measurement of ATP levels in cells indicates the metabolic state of the
cells and determination of lactate dehydrogenase (LDH) leakage shows the leakiness of the
cell membranes to intracellular enzymes. It is a challenge to duplicate exact in vivo
physiological conditions in vitro when using isolated cellls, but hepatocyte cell suspensions
have proven in past studies to be a reliable cell model. It is, however, important to be aware
of the ionic state of cells especially when transmembrane gradients are studied, or when

studies are being performed in which electrochemical ion gradients play an important role.
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CHAPTER 3
INTRACELLULAR pH REGULATION IN HEPATOCYTES ISOLATED FROM THREE

TELEOST SPECIES

Taken from:

Furimsky, M., Moon, T.-W. and Perry, S.F. (1999). Intracellular pH regulation in hepatocytes
isolated from three teleost species. J. Exp. Zool. 28: 361-367.
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ABSTRACT

The mechanisms of intracellular pH (pH;) regulation were studied in hepatocytes isolated
from three species of teleost, rainbow trout (Oncorhynchus mykiss), black bullhead (dmeiurus
melas) and American eel (Anguilla rostrata). Intracellular pH was monitored over time using the
pH-sensitive fluorescent dye BCECF. Responses to acid or base loading were examined under
control conditions and in different experimental media containing either low Na® or CI
concentrations, the Na'-H" exchanger blocker amiloride, the anion exchanger blocker SITS, or
the blocker of the V-type H'-ATPase, bafilomycin A,. In trout and bullhead hepatocytes,
recovery to an intracellular acid load occurred principally by way of a Na'-dependent amiloride-
sensitive Na'-H' exchanger. In eel hepatocytes, the Na'™-H* exchanger did not contribute to
recovery to an acid load though evidence suggests that it is present on the cell membrane and
participates in the maintenance of steady-state pH;. The V-type H -ATPase did not participate in
recovery to an acid load in any species. A CI'-HCOs™ exchanger may play a role in recovery to an
acid load in eel hepatocytes by switching off and retaining base that would normally be tonically
extruded. The recovery to a base load in trout hepatocytes includes an amiloride-sensitive
component that was not evident in the other two species. Baseline hepatocyte pH; of all species
was strongly influenced by pH. and recovery to acid or base loads was affected at extreme pH.
values. Thus, it is clear that hepatocytes isolated from the three species are capable of regulating
pH;, principally by way of a Na*-H" exchanger and a CI-HCO;" exchanger, but do not exploit

identical mechanisms for pH; recovery.
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INTRODUCTION

The ability to regulate blood acid-base balance allows fish to move between environments
that vary in temperature, salinity and acidity and permits recovery from acid-base disturbances
associated with exhaustive exercise (Milligan and Wood, 1986). Extracellular pH (pH.) is
regulated principally at the gills, which are the main site of gas and ion exchanges (Goss et al.,
1992; Laurent and Perry, 1995). Although pH. is regulated principally by branchial mechanisms,
tissues are also capable of regulating their own acid-base status.

The liver is an important metabolic tissue, and it is essential that intracellular pH (pH;) be
regulated as acid-base disturbances can impact negatively on metabolic pathways (Mommsen et
al., 1988; Walsh er al., 1988). In fish hepatocytes, the mechanisms of pH; regulation, although
species dependent, are known to involve different membrane exchange proteins that act in
concert to keep pH; constant (see review by Walsh and Mommsen, 1992). The principal exchange
proteins participating in the regulation of pH; in teleost hepatocytes are the Na*-H" exchanger that
extrudes acid and the CI'-HCO;™ exchanger that extrudes base. In rat hepatocytes, a Na*-HCOj3"
symporter additionally contributes to pH; regulation by buffering intracellular protons (Gleeson ez
al., 1989). Regulation of hepatocyte pH; involves both Na*™-H" and CI'-HCOj;" exchangers in trout
(Walsh, 1986) but only the Na'™-H" exchanger in a marine species, the Gulf toadfish Opsanus beta
(Walsh, 1989).

Our understanding of pH; regulation in teleost hepatocytes, therefore, is based on
experiments performed on only trout and toadfish, and significant differences in the roles of the
different exchangers apparently exist. The purpose of this study was to examine the mechanisms
of pH; regulation in hepatocytes of three species of freshwater teleost fish, rainbow trout, black
bullhead and American eel. These three species are evolutionarily distinct as well as differing in

lifestyles and in the habitats where they are found. Using a comparative approach, the specific
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role of the Na'-H" exchanger, CI-HCO;™ exchanger and V-type H-ATPase in hepatic pH;

regulation was established.

MATERIALS AND METHODS
Experimental Animals

Rainbow trout, Oncorhynchus mykiss, weighing 200 to 300 g were obtained from
Linwood Acres Trout Farm (Campbelicroft, Ontario, Canada). Black bullhead, Ameiurus melas,
weighing 200 to 350 g were obtained from the State University of New York at Brockport
(Brockport, NY, USA). American eels, Anguilla rostrata, weighing 350 to S00 g were obtained
from the St. Lawrence River by a commercial fisherman (Lancaster, Ontario, Canada). Fish were
transported and kept in conditions as described in Chapter 2. In the temperature acclimation

experiment, bullheads were acclimated to either 15 °C or 20 °C. All experiments were performed

in the fall and winter.

Cell Isolation

Hepatocytes were isolated according to the method of Mommsen er al. (1994). See
Chapter 2 for the full description of solutions and procedures. Following the isolation procedure,
cells were allowed to “rest” for two hours on ice before proceeding with the experiment. Based
on a previous study by Furimsky et al. (1999b; Chapter 2), hepatocytes isolated using this

procedure maintained appropriate directionally correct Na* and CI” gradients.

Measurement of pH;

Cell suspensions at a concentration of 10° cells mlI"! were used in experiments. Cells were

washed and resuspended in Hanks’ medium (pH 7.9) containing 1.5 mmol I"' CaCl, and then
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incubated in the same solution containing 1 pmol 1" (3 pl of 1 mmol I"' stock dissolved in
dimethylsulfoxide) of the ester form of the pH-sensitive dye 2°, 7 - bis- (2-carboxyethyl)-5-(and
6)-carboxyfluorescein (BCECF-AM) for 20 min. Cells were then rinsed and resuspended in the
experimental medium. All experimental media were modifications of the resuspension medium
described above, containing (or a combination of) the following: the Na™-H" exchanger blocker,
amiloride hydrochloride (Sigma); the anion exchanger blocker SITS (Sigma); or, the blocker of
the V-type H'-ATPase, bafilomycin A; (Sigma). Amiloride (1 mmol ") and SITS (0.5 mmol I'")
did not dissolve freely at the concentration used, so the medium was sonicated until all solids
were in solution. Bafilomycin A; was dissolved in DMSOQO; the DMSO was found to have no
effect on the pH of the medium or pH; recovery at the low volumes added. In the Na'-free
medium, NaCl, Na,HPO,4, Na-HEPES and NaHCO; were replaced by equal concentrations of
choline chloride, K;HPO4, HEPES and KHCOs, respectively (see Gleeson et al., 1989). In the CI
-free medium, NaCl, KCl and CaCl; were replaced by equal concentrations of Na-gluconate, K-
gluconate and Ca-gluconate, respectively. The nominal concentrations of Na* and Cl” were not
measured, though they can be estimated to be lower than 3 mmol I"' and 1 mmol I, respectively
as a result of trace amounts in BSA (Walsh, 1986). These media were all pH adjusted to 7.9 at
room temperature (20 °C). All experiments were performed at room temperature using a
fluorescence spectrophotometer (Photon Technology International, South Brunswick, New
Jersey). Cell suspensions were stirred continuously in a quartz cuvette during data collection.
Data were obtained as the ratio of the pH-sensitive excitation wavelength (490 nm) to the pH-
insensitive excitation wavelength (440 nm), with the emission wavelength set at 535 nm. An acid
load was induced by the addition of Na-propionate (150 ul of 1 mol I"' stock; 50 mmol 1" final

concentration) directly into the cuvette containing the cell suspension. A base load was induced
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by the addition of NH,Cl (60 pl of 1 mol I'! stock; 20 mmol I final concentration). An acid load
was also induced by the NH4Cl washout method (Walsh, 1986; 1989), where the cells were
initially alkaline-loaded by the addition of NH4CIl (20 mmol I final concentration) to the cell
suspension, then acidified by replacing this medium with the normal (pH 7.9) extracellular
medium. Recovery rates were followed over the initial 200 seconds (the linear portion of the
curve) after the lowest measured pH; following the acid load or the highest measurement of pH;
following base load.

Standard curves were constructed using an in situ calibration method. Cells were first
loaded with BCECF-AM, washed, and then re-suspended in calibration media of varying pH’s.
The calibration medium was the same as the resuspension medium, except that the concentrations
of NaCl and KCl were reversed (NaCl, 5.4 mmol I''; KCI, 136.9 mmol I") to represent
intracellular ion concentrations, there was no BSA in the medium and the medium contained 14
umol 1! of the K*/H" ionophore nigericin (Molecular Probes). The nigericin stock was dissolved
in 95% ethanol. Ratios obtained were representative of the different intracellular pH values and a
standard curve was constructed using the appropriate software. Separate standard curves were

constructed using hepatocytes of the three different species.

Statistical Analysis
Data are presented as the mean + the standard error of the mean (SEM). Statistical
analysis was conducted using a one way ANOVA followed by a Student-Newman-Keuls test for

the pairwise analysis of means (Sigma Stat 2.0).
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RESULTS
Resting pH;

The resting baseline pH; of eel hepatocytes was significantly lower than that of trout and
bullhead (Table 3-1). The effect of exchanger blockers and different media on resting pH; varied
between species. Amiloride caused a decrease in resting pH; in the rainbow trout and the eel, but
not the bullhead (Table 3-1). Bafilomycin A had no individual effect on baseline pH; in any
species. In bullhead, the baseline decreased only when amiloride and bafilomycin were in the
media together. Exposure of hepatocytes to a Na'-free medium lead to a decrease in resting pH; in
the trout and bullhead, but not the eel (Table 3-1). Exposure of the cells to a CI'-free medium lead

to an increase in resting pH; in all species (Table 3-1).

Recovery to an acid load

Recovery rates were determined in isolated hepatocytes in response to an acid load
induced by either 50 mmol 1" Na-propionate (Fig. 3-1A) or the NH4CI washout method (Fig. 3-
5). The Na'-H" exchanger blocker, amiloride (1.0 mmol 1) significantly reduced the rate of
recovery in rainbow trout and bullhead hepatocytes, but not those isolated from eel (Fig. 3-2).
The V-type H" ATPase blocker, bafilomycin A, (10 nmol I"') and the anion exchange blocker
SITS (0.5 mmol I'"), had no individual effect on recovery in any species. The recovery rate when
both amiloride and bafilomycin A; were in the medium was not different from recovery in the
presence of amiloride alone for any species (Fig. 3-2). Since bullhead were kept in holding
conditions different to those of the other two species, any possible effect of temperature
acclimation had to be determined. The response to acid or base loading of hepatocytes isolated

from bullhead acclimated to a water temperature of 20 °C did not differ from that of the same
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species acclimated to 15 °C (Fig. 3-3). Increasing the concentration of bafilomycin A; had no
effect on recovery to an acid load in bullhead hepatocytes (Fig. 3-4). Recovery to an acid load
induced by an NH,CI prepulse was impaired in trout and bullhead hepatocytes when in a Na*-free
medium, whereas the lack of extracellular Na* had no effect on recovery in eel hepatocytes (Fig.
3-6). When cells were incubated in a Cl "-free medium, baseline pH; increased in all species
(Table 3-1), but a significant decrease in the rate of recovery following an acid load was observed

only in the eel (Fig. 3-7).

Recovery to base load

Recovery to base loading was monitored in cells following the addition of 20 mmol I
NH,Cl (Fig. 3-1B). The addition of the anion exchanger blocker SITS had no effect on the
recovery rates in any species (Fig. 3-8). The addition of amiloride decreased the rate of recovery

in trout hepatocytes, suggesting a role for Na™-H" exchange.

Effects of varying extracellular pH

Varying the extracellular pH had a direct effect on pH; in the hepatocytes of all species
(Tables 3-2, 3-3). Intracellular pH was always maintained at a lower value (i.e. more acidic) than
extracellular pH, except at lower extreme pH values where pH; was higher. The recovery to acid
and base loading was also affected by external pH, though this effect could have been partially

attributed to the degree of acidification experienced.



Table 3-1: Baseline pH; values under different experimental conditions.

Rainbow Trout Black Bullhead American Eel
Normal medium 7.71 £0.013 7.64 +0.026 7.33+0.031 ¢
Amiloride (1 mM) 7.54 +£0.020 * 7.54 £0.027 7.24 +£0.026 *
SITS (0.5 mM) 7.73 £0.028 7.56 =0.055 7.33 £0.016
Bafil. (10 nM) 7.73 £0.024 7.62 +£0.029 7.34 £0.025
Amil. + Bafil. 7.55 £0.027 7.51+0.030 7.25+0.015*
Normal medium 7.70 £0.042 7.67 £0.027 7.21 £ 0.053
Na'-free medium 7.47 £0.070 * 7.56 £0.016 * 7.24 +0.050
Normal medium 7.68 +£0.050 7.59 £0.042 7.32+£0.022
CI'-free medium 8.01 £0.080 * 7.92 +£0.053 * 7.54 £0.055 *

Values are means + S.E.M. (n=6)
Three separate studies were performed using 6 different fish in each study.
* denotes a difference from pH; values in normal medium.

I denotes a difference in resting pH; from other two species.
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Figure 3-1. Representative traces showing (A) intracellular acidification of trout hepatocytes by
Na-propionate (50 mmol I'") and subsequent recovery by cells in normal medium and medium
containing the Na*-H" exchanger blocker amiloride (I mmol 1), as well as intracellular

alkalization following addition of NH4Cl (20 mmol 1'Y) and subsequent recovery (B).
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acidification by Na-propionate (50 mmol I™). * denotes a significant difference from normal
recovery. # denotes a species difference. Values are means £+ SEM (n=6). Bafilomycin A; is

represented as Bafil or Bafilo.
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Figure 3-3. Effects of temperature acclimation on pH; regulation in bullhead hepatocytes

following (A) intracellular acidification or (B) intracellular alkalisation. Values are presented as
the means + SEM (n=6). No significant differences were detected between similar treatments

performed on hepatocytes from fish acclimated to 15 °C vs 20 °C).
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Figure 3-8. Intracellular pH recovery following base load in hepatocytes due to addition of 20

mmol ' NH4CI. * denotes a significant difference from normal recovery. Values are means *
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Table 3-2. The effects of extracellular pH (pHe) on recovery of hepatocytes from three species of

teleost fish to an acid load (50 mmol 1" Na-propionate). Acid pH; is the lowest pH; following acid

loading.
a) Rainbow trout (n=6)
pHe pHi _acid pHi Recovery rate
(pH units min”’ )
6.9 7.28 +£0.02 6.70 £0.03 0.027 £0.003
7.4 7.49 £0.02 7.01 £0.02 0.038 £ 0.006
7.9 7.73 £0.04 7.34 £0.03 0.039 +0.004
8.4 8.02 +0.04 7.80 £0.02 0.034 £0.003
b) Black bullhead (n=6)
pHe pHi acid pHi Recovery rate
(pH units min’)
6.9 7.22 £0.05 6.58 £0.04 0.021 +£0.003
7.4 7.50 £ 0.04 6.92 £0.02 0.030 +0.004
7.9 7.72 £0.04 7.30+0.01 0.032 £0.004
8.4 7.86 +0.03 7.64 +0.03 0.017 £0.003 *
c) American eel (n=6)
pHe PH; acid pHi Recovery rate
(pH units min™)
6.9 6.87 £0.02 6.50 £0.02 0.021 £0.001
7.4 7.05 £0.04 6.76 £0.01 0.024 £ 0.002
79 7.30 £0.04 7.08 £0.01 0.024 £ 0.001
8.4 7.39 £0.04 7.39 £ 0.01 0.018 £0.001 *

Data are presented as the mean + SEM.

* denotes a significant difference from the control (pHe 7.9) using one way ANOVA followed by

Bonferonnis t-test for the multiple comparison of means.
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Table 3-3. The effects of extracellular pH (pHe) on recovery of hepatocytes from three species of

teleost fish to an alkaline load (20 mmol I' NH,CI). Alkaline pH; is the highest value of pH;

following base loading.

a) Rainbow trout (n=6)

pHe pHi alkaline pHi Recovery rate
(pH units min™)
6.9 7.28 £0.02 7.67 £0.02 0.024 £0.001 *
7.4 7.49 £0.02 7.92 £0.02 0.040 = 0.002
7.9 7.72 £0.04 8.19+0.03 0.041 +0.003
8.4 8.08 + 0.06 8.42 +£0.02 0.040 + 0.002
b) Black bullhead (n=6)
pHe DpHi alkaline pHi Recovery rate
(pH units min’)
6.9 7.27 £0.05 7.70 £ 0.03 0.020 £ 0.001 *
7.4 7.51 £0.03 7.92 +£0.03 0.030 +£0.001
7.9 7.75 £0.03 8.16 £0.02 0.036 +£0.002
8.4 7.86 + 0.04 8.13 £0.03 0.027 +£0.003 *
¢) American eel (n= 6)
pHe pHi alkaline pHi Recovery rate
(pH units min’)
6.9 6.85+0.04 7.24 £0.04 0.029 +0.001
7.4 7.07 £0.05 7.53 £0.01 0.037 £0.002 *
7.9 7.30 £0.04 7.96 £0.02 0.027 £ 0.002
8.4 7.50 £ 0.06 7.84 +£0.02 0.018 +£0.002 *

Data are presented as the mean + SEM.

* denotes a significant difference from control (pHe 7.9) using one way ANOVA followed by

Bonferonnis t-test for the multiple comparison of means.
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DISCUSSION

The present study has confirmed the importance of the Na'-H' exchanger in the
mechanism of pH; regulation in hepatocytes of the trout (Walsh, 1986; Fossat er al., 1997).
Similarly, this exchanger is important in pH; recovery in the black bullhead, but not in the eel.
The pH; recovery rates of eel hepatocytes to an acid load were significantly slower than those
found in the other two species under control conditions but similar to those of the other two
species when amiloride was in the medium or the cells were in a Na'-free medium. Two different
experiments lead to the same conclusion that recovery of trout and bullhead hepatocytes to an
acid load occurred principally by a Na*-dependent, amiloride-sensitive mechanism and that this
mechanism was not active in the eel hepatocyte. The Na*-H" exchanger does appear to be present
in eel hepatocytes as amiloride decreased baseline pH;, however, the same result was not obtained
by removing Na" from the extracellular medium. A separate study showed a decrease in the rate
of tonic Na' uptake in hepatocytes of rainbow trout and the European eel (Anguilla anguilla)
when exposed to amiloride (M. Furimsky and A. R. Cossins, unpublished data). Unless different
mechanisms exist between the American and the European eels, these findings suggest that the
Na’-H" exchanger in eel hepatocytes may not be activated by a decrease in cytoplasmic pH and
thus does not participate in recovery to an intracellular acid load. The cytoplasmic domain of the
Na"-H" exchanger (NHE1 human isoform) is known to have a -sensing” ability (Wakabayashi
et al., 1992), but the amino acid sequence responsible for “H-sensing” may not be present in the
eel exchanger. It is also possible that the eel, the most primitive of the three species studied
(Moyle and Cech; 1996), is an important link in the evolution of the Na*™-H" exchanger on the
teleost hepatocyte. This observed species difference is not surprising considering that the
regulatory properties of the Na'™-H" exchanger in erythrocytes of eel and trout also differ (Romero

etal., 1996).
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Although the Na'-H' exchanger is clearly the most important mechanism by which
protons are extruded from the cytosol, some recovery persists despite blockade with amiloride or
the removal of Na* from the extracellular medium. Protons may be diffusing from the cells or
leaving by way of other transport mechanisms. The Na*-HCOs" symporter plays a role in pH;
regulation in rat hepatocytes (Gleeson er al., 1989), but it was previously shown not to be active
dn trout hepatocytes (Walsh, 1986). It was thought unlikely that this symporter played a major
role in teleost hepatocytes as a result of the low extracellular HCOj3™ concentration (~5 mmol 1)
in fish plasma, but recent findings have shown otherwise (see Chapter 4; Furimsky et a/., 2000).
A further mechanism of proton extrusion is by way of a V-type H'-ATPase, which is specifically
blocked by the antibiotic bafilomycin A,. This pump could be a complementary Na*-independent
method of proton extrusion, as shown in mammalian outer medullary collecting duct cells
(Manger and Koeppen, 1992). Bafilomycin A;, added to the cell suspensions at a final
concentration of 10 nmol 1", had no impact on the pH; rggevery rates to an acid load in any
species. The same concentration of blocker, when used by Manger and Koeppen (1992)
significantly decreased recovery to an acid load. In addition, bafilomycin A; did not affect pH;
recovery when added to the medium containing amiloride, so the additional recovery of pH; is by
way of another mechanism. Higher concentrations of bafilomycin A; (10 - 200 nmol 1) did not
affect recovery rates in bullhead hepatocytes (Fig. 3-4).

Although membrane exchangers are often activated in response to specific signals,
including hormone stimulation or changes in pH;, these exchangers generally are tonically active
under steady-state conditions. One factor influencing the pH set-point of the membrane
exchangers in teleost hepatocytes is pHe, as demonstrated by the linear relationship between pH;
and pH. (Tables 3-2, 3-3), with pH; always being lower over a range of physiological pH (Walsh

and Moon, 1983; Walsh 1986). A similar relationship holds true for liver pH; in vivo, as
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determined in trout (Milligan and Wood, 1986) and eel (Walsh and Moon, 1982). Though the pH;
values determined in vivo differ from those in vitro, they are very similar and any difference may
be due to the different methods used in the separate studies. The eel demonstrated a greater
difference between pH. and pH; in vitro and in vivo compared to the trout in previous studies, and
the values obtained in this study are in agreement. Hepatocytes are capable of maintaining a
constant difference between pH. and pH;, and when this difference increases, such as in response
to an acid load, the exchanger is activated to return this difference to its initial value. Blocking the
Na*™-H' exchanger significantly reduced baseline pH; in trout and eel, but not in bullhead,
although any difference may be masked by the variation in the data. A reduction of extracellular
Na®, which should have had an effect similar to that observed with amiloride, caused a decrease
in pH; in trout and bullhead, but not the eel. Results for the trout are consistent with a study by
Fossat et al. (1997) in which amiloride caused a decrease in Na® uptake in trout hepatocytes
under steady-state conditions. The Na*™-H" exchanger also participates in maintaining steady-state
pH; in trout gill epithelial cells (Part and Wood, 1996), so this regulatory role may be typical in
most cell types. The data for eel baseline pH; differed among the three different experimental
groups, with that in the Na'-free experiment demonstrating lower mean pH; under normal
conditions. No difference was observed in eel baseline pH; between normal and Na'- free media,
so the result in which baseline pH; decreased with amiloride exposure was not adequately
supported.

Also of note is the difference in resting pH; between the eel and the trout and bullhead.
The pH; - pH. difference is much greater in eel than the other two species, meaning that proton
retention or a lack of proton extrusion occurs in eel hepatocytes. The pH; to pH. relationship in
this study was very similar to that previously obtained for trout (Walsh, 1986) but different than

' that of eel (Walsh and Moon, 1983) at similar temperatures, but using the DMO (5,5-dimethyl-
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2,4-oxazolidine dione) method. At a pH. of 7.90, the resting pH; of eel hepatocytes in our study
was 7.33 using BCECF, whereas Walsh and Moon (1983) observed a value of approximately
7.50 with the DMO method. The ionic composition of the media in our experiments was more
similar to trout and bullhead plasma than to that of the freshwater adapted eel, which exhibits an
“anion gap”, where CI levels are much lower compared to Na' (Farrell and Lutz, 1975; see
Chapter 2, Table 2-1). Whether or not the media used in this study influenced resting pH; levels
in the eel hepatocyte is unclear, but it is possible since Walsh and Moon (1983) used a more
appropriate medium for their study. The ionic composition of the experimental media was
consistent for all species, though media representing the species-specific differences in plasma
may have provided differing results. We can speculate that the lower Cl” concentration in eel
plasma may serve to promote base retention as a result of a decrease in tonic CI-HCOj"
exchanger activity. However, this is unlikely since the K, of this exchanger is much lower than
the CI” levels in freshwater adapted eel plasma that are 30-40 mmol 1" lower than those of Na™.
Walsh (1989) determined that the membrane potential of toadfish hepatocytes is approximately -
30 mV and deduced that pH; would be 0.6 units below pH, if protons were not actively extruded.
If the membrane potential of eel hepatocytes is similar to those of toadfish, skate (Wondergem et
al., 1985) and rat (Hoek er al., 1980), protons should be very close to electrochemical
equilibrium. The advantage, if any, that the lower hepatocyte pH; may have to the eel is unclear.
The use of eel hepatocytes in cell metabolism experiments (e.g., Foster and Moon, 1986)
indicates that eel liver enzymes are active even at this lower pH;.

When CI” was absent from the extracellular medium, baseline pH; increased in all species.
When CI is not available, CI'-HCO;" exchanger activity is blocked and intracellular HCOj' is
retained, hence buffering intracellular protons. The significant increase in baseline pH; in all

species suggests that a Cl” dependent mechanism, likely the CI'-HCO;™ exchanger, is participating
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in the maintenance of steady-state pH;. Direct evidence exists for the role of a CI-HCOs"
exchanger in trout hepatocytes (Walsh, 1986), where the specific blocker of the CI-HCOs’
exchanger SITS decreased tonic CI” uptake and caused an overshoot of baseline pH; following
recovery to an acid load. The removal of CI” from the extracellular medium had a similar impact
on pH; recovery in the study by Walsh (1986). In eel hepatocytes, the decrease in the rate of
recovery to an acid load in low CI” media suggests that the cessation of CI-HCO3;™ exchanger
activity as a result of the decreased pH; is important in the recovery by retaining base and
buffering intracellular protons. The same mechanism is not as significant in recovery in the other
two species where the Na*-H" exchanger is the main method of proton extrusion.

Since the anion exchanger blocker SITS had no effect on recovery rate following a base
load in any species, this study does not support a role for CI-HCO3;™ exchange in this process.
Following a base load, the decrease in pH; recovery rate observed with amiloride in trout
hepatocytes suggests that under control conditions, the protons being retained when the Na'-H"
exchanger turns off contribute to buffering intracellular base. The fact that membrane transporters
are tonically active means that they can contribute to pH; regulation not only by increasing their

activity, but also by decreasing their activity under certain conditions.
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CHAPTER 4
EVIDENCE FOR A ROLE OF THE Na'-HCO;  COTRANSPORTER IN TROUT

HEPATOCYTE pH; REGULATION

Taken from:

Furimsky, M., Moon, T.W. and Perry, S.F. (2000). Evidence for the role of a Na"-HCO;"
cotransporter in trout hepatocyte pH; regulation. J. exp. Biol. 203 : 2201-2208.
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ABSTRACT

The mechanisms of intracellular pH (pH;) regulation were examined in hepatocytes of
the rainbow trout, Oncorhynchus mykiss. Intracellular pH was monitored using the pH-
sensitive fluorescent dye BCECF and the effects of varying media and pharmacological
agents were examined for their influence on baseline pH; and recovery rates to acid- and
base-loading. Rates of Na" uptake were measured using **Na and changes in membrane
potential were examined using the potentiometric fluorescent dye Oxonol VI. The rate of
proton extrusion following acid loading was diminished by the blockade of either Na™-H"
exchange (using amiloride) or anion transport (using DIDS). The removal of external HCO5~
and the abolishment of outward K* diffusion by the channel blocker Ba>* also decreased the
rate of proton extrusion following acid loading. Depolarisation of the cell membrane with 50
mmol I K*, however, did not affect pH;. The rate of recovery to base loading was
significantly diminished by the blockade of anion transport, removal of external HCO3™ and
to a lesser extent by blocking Na™-H" exchange. The blockade of K* conductance had no
effect. The decrease of Na" uptake rate observed with the anion transport blocker DIDS and
the DIDS-sensitive hyperpolarisation of membrane potential during recovery to acid loading
suggests that a Na*-dependent electrogenic transport system is involved in the restoration of
pH; after intracellular acidification. The effects on baseline pH; indicate that the different
membrane exchangers are tonically active in the maintenance of steady-state pH;. This study
confirms the roles of a Na™-H" exchanger and a CI-HCOs™ exchanger in trout hepatocyte pH;
regulation and provides new evidence that a Na'™-HCOs™ cotransporter contributes to pH;

regulation.
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INTRODUCTION

The regulation of intracellular pH (pH;) in eukaryotic cells is a concerted effort
involving cytosolic buffers and different membrane transport proteins. The participation of
the specific proteins in pH; regulation varies according to tissue and species. The Na*™-H"
exchanger (NHE gene family) is presumed to be present in all eukaryotic cells and
participates in acid extrusion by way of 1:1 electroneutral exchange of intracellular H" with
extracellular Na* (Noél and Pouysségur, 1995; Yun et al., 1995; Wakabayashi ez al., 1997;
see Chapter 1, Fig. 1-1). Several HCO;-dependent mechanisms are known to participate in
pH; regulation, namely Na*-dependent and Na*-independent CI-HCO3 exchange and Na'-
HCOj;" cotransport (Madshus, 1988). The CI'-HCOs;" exchanger (AE or anion exchanger gene
family) plays a role in recovery to intracellular alkalisation by removing HCO;" from the
cytoplasm in exchange for extracellular Cl'in a 1:1 electroneutral fashion (Tonnessen et al.,
1990; Alper, 1994). The role of the electrogenic Na'-HCOs" cotransporter (NBC gene family)
has been well documented in the mammalian kidney where it participates in Na* and HCOj3
reabsorption (Boron ef al., 1997). The Na"™-HCO;" cotransporter can also indirectly behave as
an acid extruder in some tissues (Gleeson et a/., 1989; Dart and Vaughan-Jones, 1992; de la
Rosa et al., 1999) as a result of the buffering of intracellular H' by the HCO;™ entering the
cell. The recent cloning of the Na'-HCOs™ cotransporter (Burnham ez al., 1997, 1998;
Romero et al., 1997, 1998) facilitates studies of the expression and regulation of this protein
in kidney and other tissues.

Previous studies have examined pH; regulation in teleost hepatocytes with varying
results. In trout (Oncorhynchus mykiss) hepatocytes, a Na*-H" exchanger and a CI-HCO;"

exchanger are important in regulation of pH; (Walsh, 1986; Fossat et al., 1997), whereas in
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the gulf toadfish (Opsanus beta), pH; regulation is achieved exclusively by modulation of
Na"™-H" exchange (Walsh, 1989). A more recent comparative study (Chap. 3; Furimsky e al.,
1999a) has demonstrated that in addition to trout hepatocytes, those of black bullhead
(Ameiurus melas) and American eel (Anguilla rostrata) also rely on the Na'™-H" exchanger
and CI'-HCOj;™ exchanger for pH; regulation. In that same study, the Na’-H' exchanger,
though present in the eel, was not activated by a decrease in pH;, as it was in the other
species. In rat hepatocytes, an electroneutral Na'-HCOs  cotransporter participates
significantly along with the Na*™-H" exchanger in net acid extrusion following a decrease in
cytosolic pH (Gleeson et al., 1989). The activity of the Na'-HCO;" cotransporter in rat
hepatocytes has been linked to that of a K' channel, where a decrease in pH; leads to a
decrease in K conductance, with the resulting membrane depolarization activating Na*-
HCOj cotransport (Fitz et al., 1992).

In the few studies that have investigated pH; regulation in teleost hepatocytes, no
evidence has been provided for a possible role of a Na*™-HCOj;™ cotransporter. A recent study
by Furimsky er al. (1999a; Chapter 3), however, suggested that an additional Na*-dependent
ion transport mechanism may be participating in proton extrusion following an acid load in
trout. This hypothesis was proposed because removal of extracellular Na* had a more
pronounced effect on pH; recovery to an acid load than did the Na*-H" exchanger blocker
amiloride given alone.

The goal of this chapter was to dissect the mechanisms of pH; regulation in trout
hepatocytes and specifically to provide evidence that a Na'-HCO; cotransporter is an

integral component of this regulatory mechanism.
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MATERIALS AND METHODS
Experimental animals

Rainbow trout, Oncorhynchus mykiss (Walbaum), weighing 200 to 300 g were
obtained from Linwood Acres Trout Farm (Campbellcroft, Ontario, Canada). Fish were
transported and kept as described in Chapter 2. Experiments were performed between July

and September, following at least two months of acclimation to the holding facility.

Cell isolation

Hepatocytes were isolated according to the method of Mommsen et al. (1994) as

described in detail in Chapter 2.

Measurement of pH;

Intracellular pH was measured using the pH-sensitive fluorescent dye BCECF as
described in detail in Chapter 3. Experimental media contained either (or a combination of)
the Na*-H" exchanger blocker amiloride (1 mmol 1), the anion transporter blocker 4, 4’-
diisothiocyanostilbene-2, 2’- disulfonic acid (DIDS) (0.5 mmol 1), the K* channel blocker
Ba** (1 mmol It BaCly) or a lack of NaHCOs;. All blockers were dissolved in the
experimental media at the experimental concentrations, with sonication being necesséry for
amiloride and DIDS. Membrane depolarization was induced by washing cells in a medium in
which 44 mmol I"! NaCl was replaced with KCl to give a final [K*] of 50 mmol I"'. Baseline
pH; values were established prior to the acid or base challenge (see Fig. 4-1). Acid loading
was induced by the addition of Na-propionate (150 pl of 1 mol "' stock; 50 mmol 1" final

concentration) directly to the cuvette containing the cell suspension. Base loading was
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induced by the addition of NH4CI (60 pl of 1 mol 1" stock; 20 mmol I"! final concentration)

to the cell suspension (see Fig. 4-1).

Intracellular Buffer Capacity
The total apparent intracellular buffer capacity (), reported as mmol H' pH unit™ I
was measured in hepatocytes incubated in either a HCOs™-containing medium (5 mmol.I"

NaHCOs) or a HCOj™-free medium. Buffer capacities were determined using the following

equation

B = ([Propionate] 10(pHmin — pKa))/ (1+ 10 (PHinput ~ PK)) X (PHeyto — PHimin)

where [Propionate] is 50 mmol I, pK, of propionate at room temperature is 4.87, pHmy, is
the minimal pH.y, following acid loading, pHinpu is the pH of the medium (7.9) and pHcy, 1S

baseline pH; prior to acid load.

The rate of influx or extrusion of H' equivalents were determined as
=k
where £ is the initial rate of recovery (pH units min™) to an acid or a base load and B is the

apparent intracellular buffer capacity (mmol H' pH unit™ 1').
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Carbonic Anhydrase (CA) Assay

The delta pH method was followed to measure CA activity, as described by Henry
(1991). CA activities were measured in lysates produced from erythrocytes, isolated
hepatocytes and liver tissue. The volume or weight of the tissue was determined and diluted
in appropriate volumes of ddH,O in order to lyse the cells and release intracellular CA into

the supernatant.

The reaction occurred in a chamber in which all solutions were constantly mixed and
kept at 4°C using a temperature controlled water bath. The standard reaction consisted of 10
ml of reaction medium (10 mmol I'! Tris base, 225 mmol 1! mannitol, 75 mmol 1! Sucrose;
pH 7.4), 50 ul of the enzyme source (CA from lysates), and 400 pl of the substrate (CO»-
saturated H,O) that gave a concentration of approximately 2.7 mM CO; in the chamber. The
pH of the reaction was measured using a pH glass electrode (Metrohm). The buffer capacity
of the solution was determined by measuring the change in pH following the addition of a
known concentration of acid (50 pl of 0.1 mol I"' HCI) to the reaction medium. The non-
catalysed rates of CA activity were calculated by the change in pH following the addition of
CO; saturated water (400 pul of ~ 2.7 mmol It COy) to reaction medium without CA. The
rates of CA activity were determined from the slope of the pH change over time. These
values were continuously verified throughout the experiment and subtracted from the values

for the catalysed rates.
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Na* flux studies

The rate of Na* uptake was measured at room temperature (20°C) using sodium-22
(¥Na") as tracer. Experiments were performed on 4 ml of cell suspension at a cytocrit of
~3%, representing approximately 15 million cells ml”'. Cells were incubated in their
respective media for 20 min and then exposed to ouabain (4 pl of 1 mol I"' stock in DMSO;
final concentration of 1 mmol I'') for 20 min to block Na*-K* ATPase activity. Uptake
measurements were initiated with the addition of ?Na* directly to the cell suspension. At
different time intervals, 300 pl aliquots were removed in triplicate and added to
microcentrifuge tubes (1.5 ml capacity) containing ice-cold stopping buffer (110 mmol It
MgCl,, 10 mmol 1! imidazole, pH 7.90) and washed twice in this same medium. Cell pellets
were lysed by the addition of 0.5 ml 0.005% Triton-X and deproteinised with 0.5 ml 1%
trichloroacetic acid (TCA). Following centrifugation, the supernatant was collected into 25
ml capacity plastic scintillation vials. Radioactivity was measured in a liquid scintillant
(Safety Solve High Flash Point Scintillation Cocktail, RPI, Mount Prospect, IL) using a 2500
TR Liquid Scintillation Analyzer (Packard). Total **Na* uptake was measured at 5 min

intervals for 20 min following addition of the isotope.

Membrane Potential

Changes in membrane potential were determined using the fluorescent potentiometric
slow-response dye Oxonol VI (Molecular Probes, Eugene, OR). Unlike BCECEF, this dye is
not contained exclusively within cells during an experiment, but is free to move between the
medium and the cytosol following changes in membrane potential. Oxonol is a lipophilic

anion molecule that fluoresces only when in contact with the cell membrane. When the
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membrane becomes more positive, Oxonol enters the cell and accumulates on the inside of
the membrane resulting in an increase in fluorescence. A 3 pl volume of a concentrated stock
solution of the dye (500 pumol 1" in 95% ethanol) was added to the cell suspension (3 ml at
10° cells mI™") to give a final concentration of approximately 500 nmol I". The dye was
allowed to equilibrate with the cells for 15 min prior to the beginning of the experiment (see
Fig. 4-9). The excitation and emission wavelengths were 614 nm and 646 nm, respectively;
fluorescence was measured using a fluorescence spectrophotometer as noted for BCECF in
Chapter 3. The fluorescence intensities varied slightly from experiment to experiment, so
data are presented as relative fluorescence with all values being divided by the baseline

fluorescence values.

Statistical Analysis

Data are presented as the mean + one standard error of the mean (SEM). Each trial
represents an experiment performed on a single cell preparation from one individual fish.
Statistical analysis was conducted using either a one way ANOVA followed by a Student-
Newman-Keuls test for the pair-wise analysis of means, or a two way ANOVA with repeated
measures using the Student-Newman-Keuls test for the pair-wise analysis of means.

Significant differences were accepted as p<0.05.
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RESULTS
Steady-state pH;

The different experimental treatments had varying effects on baseline pH; suggesting
that different membrane transporters are tonically active under resting conditions (Table 4-1).
All experimental media, though chemically different, were adjusted to the same pH of 7.9.
Amiloride and DIDS decreased baseline pH;, an effect that was exaggerated when both were
in the medium together. The significant decrease in baseline pH; observed when extracellular
HCO;" was removed from the experimental medium was enhanced by the addition of

amiloride to this same medium. In all cases, the addition of Ba** to the medium decreased

baseline pH;.

Intracellular buffer capacity

The total apparent intracellular buffer capacity (f) was determined in hepatocytes
under control (medium containing 5 mmol 1" NaHCO;) and HCOs -free conditions. The
buffer capacity in HCO;5™-containing medium was 45.3 + 3.2 mmol H' pH unit” I (n=6),
while that in HCO;-free medium was 32.7 + 1.5 mmol H" pH unit™ I"'. These values were
taken into account when determining the influx or extrusion of H' equivalents in the different

experimental media.
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Recovery to acid loading

The mechanism of pH; recovery to an acid load involves different membrane
transporters whose roles can be dissected pharmacologically (see Fig. 4-1A). The rate of
proton extrusion following acid loading was decreased by the Na*-H" exchanger blocker
amiloride (1 mmol 1), as well as by DIDS (0.5 mmol 1), a compound that inhibits activity
of both the CI-HCOj3" exchanger and Na'™-HCO;" cotransporter (Fig. 4-2). When amiloride
and DIDS were combined in the experimer.ial medium, the rate of proton extrusion following
acid loading was further decreased. Removal of HCO3;  from the extracellular medium
diminished proton extrusion following acid loading (Fig. 4-3). The K* channel blocker Ba**
also decreased proton extrusion, but to a lesser extent. When Ba®" was added to the HCOs™-
free medium, the rate of proton extrusion was not different from that in the HCO;-free
medium alone. However, the addition of amiloride to the HCO;3™-free medium decreased the
rate of recovery significantly compared to those same treatments individually (Fig. 4-3). The
relative recoveries to baseline pH; at 8 min (the time where full recovery usually occurred
following an acid load under control conditions) showed that, with the exception of Ba®* (1
mmol 1'"), the inhibitory effects of the different treatments were consistent over time (Table
4-1). The addition of the carbonic anhydrase (CA) inhibitor acetazolamide (0.1 mmol 1)
had no significant effects on recovery to an acid load, even in combination with amiloride in
a HCO;™ free medium (Fig. 4-4). Despite not having a direct effect on pH; regulation,
significant CA activity was measured in hepatocytes (though activities were much lower than

those found in erythrocytes) that was almost completely blocked by acetazolamide (Fig. 4-5).
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Figure 4-1. Representative time course traces of intracellular pH in trout hepatocytes under
control conditions (solid lines) and DIDS inhibition (dotted lines) following (A) acid loading

with 50 mmol I Na propionate or (B) base loading with 20 mmol I"' NH,CI.
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Figure 4-2. Rates of extrusion of proton equivalents following intracellular acid loading as
influenced by amiloride (1 mmol I''y and DIDS (0.5 mmol I'"). Data are presented as the

means = SEM of 6 trials. * indicates a significant difference from control values.
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Figure 4-3. Rates of extrusion of proton equivalents following intracellular acid loading as
influenced by extracellular HCOj5", amiloride (Amil., 1 mmol 1) and Ba** (1 mmol I'). Data
are presented as the means + SEM of 6 trials. * indicates a significant difference from

control values.
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liver tissue. The effect of the CA inhibitor, acetazolamide (0.1 mmol l'l) was examined in all
preparations. * represents a signficant decrease in CA activity by acetazolamide (ACZ).

Values are presented as the means + SEM (n=6).
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Recovery to base loading

The rate of influx of proton equivalents following base loading was decreased by the
Na™-H" exchange blocker amiloride and to a greater extent by the anion transport blocker
DIDS (Fig. 4-6). Recovery to base loading was also dependent on extracellular HCOj3', as
shown by the decrease in recovery in its absence (Fig. 4-7). The rate of proton influx in
HCOs-free medium that contained amiloride or Ba®" was not different from that in HCO;™-
free medium alone. The K* channel blocker Ba®* had no effect on recovery rate in normal
medium. The relative recoveries 8 min following the base load were consistent with the
inhibitory effects observed initially (Table 4-1). The degree of intracellular alkalization was

similar in all treatments (Table 4-1).

Na" fluxes

The rate of unidirectional Na* uptake into hepatocytes was calculated from the
regression of total Na* uptake at each time point from 5 to 20 min. The Na* uptake rate was
unstable during the initial 5 min assessment period but remained constant in the subsequent
15 min period. The activity was not assumed to be zero at time zero because trapped
extracellular fluids in the cell pellets or non-specific binding could increase baseline levels of
2Na*. Indeed, the regression analyses demonstrated a positive y-intercept. Thus, the rates of

Na" uptake were significantly decreased in hepatocytes in the presence of amiloride or DIDS

(Fig. 4-8).
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Figure 4-6. Rates of proton equivalent influx following intracellular base loading as
influenced by amiloride (Amil, 1 mmol I'") and DIDS (0.5 mmol I'"). Data are presented as

the mean + SEM of 6 trials. * indicates a significant difference from control values.
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Figure 4-8. Rates of Na' uptake in hepatocytes, as influenced by amiloride (Amil) and
DIDS. Rates were determined over a 20 min experimental period. Data are presented as the

mean + SEM for S trials. * indicates a significant difference from control values.
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Membrane depolarisation

The relationship between a HCOs -dependent transport protein and a K" channel was
investigated by observing the direct effects of cell depolarization on pH;. When cells were
depolarized by the addition of 50 mmol I'' K* to the extracellular medium, no significant
effect on pH; was observed in either normal or HCO;-free media. The mean change in

baseline pH; (ApH;) following cell depolarization in normal medium was —0.015 £ 0.02,

whereas that in a HCOj3™-free medium was 0.001 + 0.01 (n=5).

Membrane potential

The potentiometric fluorescent dye Oxonol VI was employed to measure changes in
membrane potential (E;;). This dye does not fluoresce unless in direct contact with the cell
membrane (Fig. 4-9A). An increase in fluorescence indicates a more positive membrane
potential (depolarisation) and vice versa. The membrane potentials were not directly
measured, but baseline values were at a negative potential, indicated by the addition of 1
pmol I' gramicidin (Fig. 4-9B). This antibiotic forms non-selective cation pores in the cell
membrane, exchanging Na™ and K*, causing total depolarisation indicated by the increased
fluorescence to a value representing a E, of O (Fig. 4-9B).

Directly following the addition of Na-propionate, a slight decrease in fluorescence
was observed (Fig. 4-10). This immediate decrease can be explained by dilution of dye signal
and does not reflect a change in membrane potential. The addition of an equal volume of
saline (150 pl) to the medium had no effect other than decreasing the baseline fluorescence

(~5%). During the recovery phase to acid loading, the hepatocyte membrane experienced an
p
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initial slight depolarization and then a hyperpolarisation (potential became more negative)

that was diminished when DIDS was in the medium (Fig. 4-10).
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Figure 4-9. Representative traces showing (A) the addition of trout hepatocytes to Oxonol VI
and (B) the effects of the addition of gramicidin (1 umol I'') to medium containing cells and

Oxonol VI. Gramicidin forms non-specific cation pores and depolarises the cell membrane.
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Figure 4-10. Changes in membrane:- potential of hepatocytes. The effects of cell acidification
by Na-propionate were monitored using the fluorescent potentiometric dye Oxonol VI (500
nmol I'Y). Changes in membrane potential are compared in hepatocytes in normal
experimental medium or in a medium containing the anion transporter blocker DIDS (0.5
mmol I). Data are presented as the mean relative fluorescence + SEM of 5 trials. * indicates

a significant difference between control and treatment (DIDS) values.
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DISCUSSION

The participation of Na'-H' exchange and Na"™-HCO;" cotransport in pH; regulation
has been reported in several mammalian cell types including hepatocytes (Gleeson et al.,
1989; Kikeri et al., 1990; De la Rosa et al., 1999). Prior to this study, the role of a Na'-
HCOj3;™ cotransporter in pH; regulation in fish hepatocytes had not been examined
specifically. Thus, the generally accepted model of pH; regulation in fish hepatocytes (Walsh
and Mommsen, 1992) incorporates only Na*-H" and CI-HCOs" exchangers. Evidence from
this study, however, suggests that at least in trout, the Na*-HCO; cotransporter may play a
significant role in H" extrusion that is complementary to that of the Na'™-H' exchanger.
Plasma HCO;" levels are low in teleosts (~ 5-10 mmol I'') compared with those in mammals
(~ 25 mmol I'"). Regardless, extracellular HCOs’, albeit at low concentrations, still appears to
play a significant role in the ability of trout hepatocytes to regulate pH;. Despite the low
levels of HCOj3 in fish plasma, HCOs-dependent acid extrusion is not unheard of in fish
tissues. Evidence does exist for the role of a Na+-dependent CI-HCOs" exchanger in Atlantic
cod (Gadus morhua) red blood cells (Berenbrink and Bridges, 1994) as well as in trout and
carp thrombocytes (Nikinmaa et al., 1999).

The specific roles of ion transporters such as the Na*™-HCO;" cotransporter and the CI’
-HCO;" exchanger are often examined pharmacologically using stilbene derivatives such as
SITS and DIDS. These compounds are similar in structure and both are potent inhibitors of
anion transport. The binding of stilbene derivatives with the Na*-HCO;" cotransporter and CI"
-HCO;™ exchanger are believed to involve interaction with consensus sites on the transporters
(Bartel et al., 1989; Okubo et al., 1994; Romero et al., 1998). In the study by Walsh (1986),

addition of the anion transport blocker SITS increased baseline pH; in trout hepatocytes, but
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did not influence the rate of recovery from acid or base loading. Similarly, SITS did not
significantly affect acid extrusion in toadfish (Opsanus beta) hepatocytes after acid loading
(Walsh, 1989). In the study by Furimsky et al. (1999a; Chapter 3), SITS did not affect
baseline pH; or recovery rates from acid or base loading in 3 teleost species (trout, eel,
bullhead). In the present study, DIDS significantly decreased baseline pH;, significantly
decreased pH; recovery rates following acid and base loading (Table 4-1; Figs 4-2, 4-5), and
decreased Na” uptake rates (Fig. 4-8). The different results obtained using SITS versus DIDS
are unexplained but may reflect their different chemical properties influencing binding
interactions with the transporters on the teleost hepatocyte. Though it had no effect in the fish
model, SITS did significantly inhibit recovery to an acid load induced by gassing rat
hepatocytes with 10% CO;, (Fitz et al., 1992).

The pH; recovery rate to acid loading in trout hepatocytes is amiloride-sensitive
indicating that the Na*-H" exchanger is active in acid extrusion as it is in most cells types.
Similar results were observed in hepatocytes of the gulf toadfish (Walsh, 1989) and black
bullhead (Furimsky et al., 1999a; Chapter 3). However, the fact that pH; recovery was not
totally abolished during blockade of the Na*-H" exchanger suggested that another transporter
might be involved in H' extrusion. The study by Furimsky et al. (1999a; Chapter 3) showed
that a V-type H'-ATPase was not involved in recovery to acid loading. However the study
did suggest the contribution of another Na'-dependent mechanism because Na® removal
caused a 75% decrease in recovery rate compared to a 50% decrease in the presence of
amiloride. Walsh (1986) did not observe such a difference in the rate of pH; recovery
between Na'-free medium and amiloride. The discrepancies between the two studies may be

related to the different methods that were used to measure pH;, namely the BCECF method
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(this study) that measures exclusively cytoplasmic pH versus the DMO method (Walsh,
1986) that measures pH of all intracellular compartments.

During blockade of anion transport using DIDS, an increase in baseline pH; would be
expected if it was acting exclusively upon a CI'-HCOj3™ exchanger owing to accumulation of
intracellular HCOj". Indeed, such an increase in baseline pH; was observed previously after
the removal of extracellular CI” (Furimsky ez al., 1999a; Chapter 3). The decrease in baseline
pH; and the inhibitory effects on proton extrusion rate that were observed in this study
indicate that a Na*-HCOs" cotransporter is present and contributing to pH; regulation during
steady-state conditions and in response to acid loading (Table 4-1; Fig. 4-3). This observation
also agrees with the fact that the Na'-HCO;  cotransporter plays a major role in the
maintenance of pH; near baseline values, as opposed to Na*-H" and CI-HCO5" exchange that
are most active at low and high pH; values, respectively (Alper, 1990). The importance of
HCOs5™ in hepatocyte pH; regulation is not restricted to its role as a significant intracellular
buffer, but also as an anion needed to drive Na*-HCO;™ cotransport. The reduction in proton
extrusion observed following acid loading in HCO3™-free media is similar to that observed
with DIDS, providing further evidence for the involvement of a Na*-HCOs cotransporter
(Fig. 4-3). The intracellular HCO3™ being moved to the medium as a result of cell metabolism
may be sufficient to allow for some transport activity to occur. In mammals, where the
extracellular HCOs™ concentration is much higher than in fish, the effect of removal from the
medium has a more pronounced effect by significantly decreasing baseline pH; and recovery
to acid loading (Gleeson er al., 1989). Studies on perfused rat liver, however, have provided
evidence that metabolic HCO5' is participating in pH; regulation to a certain extent, since H'

efflux in' a HCO;™ free medium is decreased even further by the inhibition of carbonic
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anhydrase (CA) by acetazolamide (ACZ) (Vidal et al., 1998). Even though CA activity in
trout hepatocytes is almost completely blocked by ACZ (see Fig. 4-5), exposure to this drug
does not significantly affect the ability of these cells to recover from an acid load (Fig. 4-4).

In the model of pH; regulation in rat hepatocytes, the activity of the Na*-HCO;
cotransporter is linked to a pHj-sensitive K™ channel (Fitz et al., 1992). In this study, the
blockade of K channels on trout hepatocytes had a similar effect on reducing the rate of
proton extrusion following an acid load as did the removal of extracellular HCOj3", whereas
Ba®* addition and HCOs™ removal had no cumulative effects on recovery. These data provide
evidence that the presumptive Na+-HCO3' cotransporter on trout hepatocytes, as in rat, is
linked to K* conductance. The model of Na'-HCOs" cotransporter activation proposed by Fitz
et al. (1992) developed from the demonstration that blockade of K* channels with Ba®*
decreased recovery to acid loading and cell depolarization caused an increase in pH; that did
not occur when extracellular HCO3z™ was removed. Such a direct link could not be established
in our study, meaning that the effects of K" channel blockade on baseline pH; and recovery to
an acid load may occur by way of a different mechanism.

Of the different HCO; transporters, Na“-dependent and Na'-independent CI"-HCO;"
exchangers are electroneutral whereas the Na'™-HCOs" cotransporter can have a Na*:HCO;
stoichiometry of either,- 1:3, 1:2 or 1:1 depending on the tissue (Boron, 1997). In the
proximal tubule of the mammalian kidney, 2 INa":3HCO;" cotransporter is crucial in HCO3
reabsorption from the lumen. The stoichiometry of Na"™-HCO;" cotransport is not clear when
participating in acid extrusion, but it is suggested to be either electroneutral or 1:2 (Boron,
1997). Though we were not specifically examining the stoichiometry of the putative

cotransporter, it was of interest to determine if recovery to acid loading was an electrogenic
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process. If recovery to acid loading occurred uniquely by way of a Na*-H" exchanger, no
change in membrane potential would be expeéted. However, hyperpolarisation (more
negative membrane potential) should occur during the activation of an electrogenic Na'-
HCOs™ cotransporter. The results of the present study using the potentiometric dye Oxonol VI
indicated that during the time of recovery following acid loading, the membrane potential did
indeed decrease and this decrease was blocked by DIDS (Fig. 4-10).

In response to intracellular base loading induced by NH4Cl, normal pH; recovery
principally involves the CI'-HCOs3™ exchanger, but may also involve, to a lesser extent, the
Na*-H" exchanger and Na*-HCO;™ cotransporter (Fig. 4-6). The decrease in pH; recovery
following base load observed with amiloride was also observed in an independent experiment
in Chapter 3 (see Fig. 3-3; Furimsky ef al., 1999a). When both DIDS and amiloride were in
the medium, recovery rates were not different than when DIDS was present alone, suggesting
that the CI'-HCOj;™ exchanger is dominant over the Na'-H' exchanger in its role in base
extrusion. Extracellular HCOj', as in recovery to an acid load, is also important in recovery to
a base load (Fig. 4-7). When intracellular HCO5 levels are diminished as a result of washing
cells into HCO;5™-free medium, this has two consequences on the ability of the cell to regulate
pHi. Not only does the apparent intracellular buffer capacity decrease, but recovery to base
loading by the CI-HCO; exchanger also appears to be inhibited by the very low
concentrations of intracellular HCO;™ needed to drive the transporter. Blocking K™ channels
with Ba®* had no effect on recovery to a base load.

The interplay and co-operation that exist between different membrane ion transporters
(pumps, channels) have been well documented in different. experimental models. Thus, the

fact that a Na'™-HCO;™ cotransporter appears to participate in pH; regulation in the trout
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hepatocyte along with a Na'-H' exchanger and CI-HCO;  exchanger is not surprising.
However, while it appears that the model of pH; regulation in the trout hepatocyte may be
more similar to the mammalian model than previously believed, significant differences still
remain. These include the degree of reliance on extracellular HCO;™ and the relationship that
exists between Na'-HCOs;™ cotransport and the activity of a K' channel. As different
organisms have evolved to live in different environments, the mechanisms by which different

tissues deal with environmental changes have evolved accordingly.
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CHAPTERSS

THE EFFECT OF RESPIRATORY ACIDOSIS ON pH; AND pH; REGULATION IN

TROUT HEPATOCYTES
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ABSTRACT

The effect of respiratory acidosis was examined on isolated trout hepatocytes. The
decrease in blood pH that occurs in vivo is immediate following the onset of hypercapnia
exposure (1% CO,). The acidosis is, however regulated following 48 h with an
accompanying increase in plasma [HCO;]. The decrease in blood pH directly affects pH; in
hepatocytes. Following the onset of in vitro hypercapnia, the decrease in pH; is greater when
hepatocytes are incubated with amiloride. Hepatocytes do not regulate pH; to baseline levels
during acute hypercapnia exposure, though regulatory mechanisms (e.g. Na*-H™ exchanger)
appear to be activated to alleviate the degree of intracellular acidification. Chronic exposure
of hepatocytes to hypercapnia, in vivo or in vitro had no effect on the ability of the cells to
recover from a subsequent acid load. These results suggest that liver pH; ultimately depends

on the regulation of blood acid-base status by the gills and kidneys.
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INTRODUCTION

Environmental stressors such as hypercapnia (increased PCO, of water) are well
known to significantly change blood acid-base status of fish. The coincident increase in
PaCO; during hypercapnia causes a decrease in blood pH (respiratory acidosis) that is
regulated over time principally at the gills (Goss and Perry, 1993; Goss et al., 1995; Laurent
and Perry, 1995). Morphological changes in the gills involving chloridé and pavement cells
allow for the more efficient excretion of acids during blood acidosis. In trout and bullhead
catfish, the chloride cell surface area is reduced during hypercapnia by covering pavement
cells, a morphological change that uncouples base excretion by CI'-HCO;™ exchange and
promotes acid extrusion by H ATPase (Goss et al., 1992; Goss and Perry, 1993).

When significant changes in blood pH occur, the intracellular pH of various tissues
can also be directly affected (Milligan and Wood, 1985). The liver cells (hepatocytes) are in
very close contact with the circulation and may experience very significant pH changes
during an acid-base disturbance. Since most enzymes function at an optimal pH, it is not
surprising that an acid-base disturbance such as hypercapnia, that causes an intracellular acid
load, could have a negative impact on hepatic enzyme activity and metabolism (Mommsen et
al., 1988; Perry et al., 1988).

The mechanisms by which teleost hepatocytes regulate pH; in response to an acid
load are now well understood and involve the removal of acid equivalents by intracellular
buffers and cell surface membrane exchangers (Walsh, 1986, 1989; Walsh and Mommsen,
1992; Furimsky et al., 1999b, 2000; Chapters 3 and 4). The Na™-H" exchanger (NHE) and
Na*-HCOs™ cotransporter NBC), in particular, play key roles in the removal of intracellular

protons. Although regulatory mechanisms are in place in hepatocytes, pH; is strongly
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dependent on extracellular pH. In erythrocytes of several teleost species, on the other hand,
activation of the BNHE by catecholamines can maintain high pH; even during a significant
blood acidosis (Thomas and Motais, 1990; Thomas and Perry, 1992). As a result, the ability
of the blood to transport O; is not compromised.

In tissues that actively regulate blood pH, chronic acidosis generally increases their
ability to remove acids by up-regulation of the various transport mechanisms. For example,
in the mammalian kidney the expression of Na’-H® exchangers and Na*-HCOs
cotransporters increases in order to extrude protons and reabsorb HCOs™ (Akiba et al., 1987;
Preisig and Alpern, 1988; Krapf ez al., 1991). In fish, an increase in the branchial and renal
expression of H-ATPase has been reported during hypercapnia exposure (Sullivan et al.,
1996; Perry et al., 2000).

Although it is well known that the tissues most directly involved in acid-base
regulation (e.g., gills, kidney) can modify the expression of their membrane transport
mechanisms, it is not known if other tissues can enhance their ability to regulate pH; during a
chronic acid stress. In this study, the ability of isolated trout hepatocytes to regulate pH; was
examined during acute hypercapnia exposure and following chronic in vivo and in vitro
exposures. The purpose of this study was to determine whether the liver is able to enhance

mechanisms of pH; regulation in response to acid exposure.
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METHODS AND MATERIALS
Experimental animals

Rainbow trout, Oncorhynchus mykiss, weighing between 200 and 600 g were
obtained from Linwood Acres Trout Farm (Campbellcroft, Ontario, Canada). Rainbow trout
were transported to the University of Ottawa in oxygenated water. Fish were maintained on a
12h:12h L:D photoperiod in fiberglass aquaria (water volume = 500 1) supplied with flowing,
aerated and dechloraminated City of Ottawa tap water. Water temperature was kept at 15 °C.
Fish were fed a commercial trout diet daily. Experiments were performed during the late

spring and summer months.

Blood acid-base analysis

Extracorporeal Blood Loop

Surgical procedures

Large rainbow trout (~600 g) were anaesthetized in oxygenated and buffered water
containing 1:1000 benzocaine until the cessation of breathing movement. Fish were then
placed on the operating table where the gills were continuously irrigated with the anaesthetic
solution. An incision was made in the caudal region of the fish, anterior to the tail and
slightly above the lateral line and the caudal vein and caudal artery were cannulated with
polyethylene tubing (PESO; Clay Adams). The dorsal aorta was also cannulated with
polyethylene tubing (PES0; Clay Adams). Fish were allowed to recover from anaesthesia and
were then placed in black perspex boxes (6 L capacity) with inserts to reduce movement.

Fish were allowed to recover in these boxes for 24 h prior to experimentation.
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Hypercapnia exposure and blood analysis

Blood acid-base variables were examined using the extracorporeal circulation loop as
described by Thomas (1994). Blood was continuously drawn from the caudal artery by a
peristaltic pump and passed over temperature controlled O, (Radiometer E5046), CO;
(Radiometer E5036) and pH (Metrohm) electrodes. The blood flow rate was 0.6 ml min™ and
the total blood volume in the extracorporeal loop was 1 ml. Inflow HO was rendered
hypercapnic by gassing with CO, until a P,CO, of 7.6 Torr was obtained. All data were

collected using the Acqknowledge™ data acquisition system that was calibrated prior to each

experiment.

Chronic hypercapnia exposure

Surgical Procedures

Rainbow trout weighing 200 to 300 g were anaesthetized as above. For these
experiments, only the dorsal aorta was cannulated. Fish were allowed to recover by irrigating
the gills with freshwater and then placed in black perspex boxes (4 L capacity) to recov-er for

24 h prior to experimentation.

Hypercapnia exposure and blood analysis

Experimental fish were exposed to hypercapnia by gassing the inflow water to their
boxes with 1% CO,, giving a final PwCO, of 7.6 mm Hg. Blood was collected via the dorsal
aorta cannula before exposure (time 0) to hypercapnia and then every 24 h during the 72 h
exposure. Blood pH was measured using a pH meter (Radiometer) and plasma total CO- was

measured using a CO; analyser (Capni-Con).
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Cell isolation

Hepatocytes were isolated according to the method of Mommsen et al. (1994) and
described in detail in Chapter 2. Cells were isolated either previously to in vitro hypercapnic

exposure or immediately following in vivo exposure.

DH; measurement

Hepatocyte pH; was measured using BCECF as described in detail in Chapter 3. The
experimental media contained either 5 mmol I"' of NaHCOs under control conditions or 15

mmol I NaHCOs to represent compensated hypercapnia.

In vitro hypercapnia exposure

Hepatocytes were exposed to hypercapnia in vitro by gassing (bubbling) BCECF-
loaded cell suspensions in the cuvette directly with humidified 1% CO; in air. The
experimental media were as above, except that Hepes was omitted. Chronic in vitro

hypercapnia occurred by gassing cells in suspension for 18 h while in a shaker bath kept at

15 °C.

NHE Expression

Total RNA was isolated from a selection of trout tissues, and specifically from liver
of hypercapnia exposed trout (see full protocol for RNA isolation and Northern Blots in
Chapter 6; Methods and Materials). Northern blots were probed with either a 1.3 Kb Kpnl
fragment from the N-terminal end of the rat NHE-1 gene (clone kindly provided by Dr. John

Orlowski, McGill University) or a 258 bp NHE probe cloned from a trout gill/’kidney library
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(see Chapter 6 for details). Slot blot analysis was also performed using 20 pg total RNA per

slot probed with the rat NHE-1 probe.

Statistical Analysis

Data are presented as the mean + one standard error of the mean (SEM). Each trial
represents an experiment performed on a single cell preparation from one individual fish.
Statistical analysis was conducted using either a one way ANOVA followed by a Student-
Newman-Keuls test for the pair-wise analysis of means, or a two way ANOVA with repeated
measures using the Student-Newman-Keuls test for the pair-wise analysis of means. The

level of significance was accepted as p<0.05.
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RESULTS

Hypercapnia is distinguished by an increase in the P,CO; and a decrease in pH,,, with
an accompanying increase in blood PaCO; and decrease in pH, (Fig. 5-1). During chronic
hypercapnia exposure, the regulation of the blood acid-base status by increasing blood total
CO; (principally HCO5") is evident after 24 h, increasing during the 72 h experimental period
until blood pH returned to baseline levels (Fig. 5-2).

Gassing the extracellular medium with 1% CO, in vitro caused a significant decrease
in hepatocyte pH (Fig. 5-3). This decrease was mainly due to the movement of CO, across
the cell membrane and subsequent production of H" by the hydration reaction that also forms
HCO;5 (De Weer, 1978). The degree of pH; decrease was accentuated by the addition of the
Na*-H" exchanger blocker amiloride.

Hepatocytes isolated from trout exposed to chronic (48 h) in vivo hypercapnia did not
demonstrate an enhanced ability to recover from a subsequent acid loading. The medium that
represents partially compensated hypercapnia (i.e. 15 mmol I"" HCOs") did not affect the
ability of cells to recover from an acid load (Fig. 5-4). In vitro hypercapnia exposure (18 h)
also had no affect on baseline pH; (Table 5-1) or pH; recovery (Fig. 5-5).

Studies of the expression of NHE were unsuccessful since a specific signal could not
be detected in trout liver using the available NHE probes. The tissue distribution of trout
RNA showed no signal when probed with a 258 bp fragment of NHE that was cloned from a
trout mixed gill/kidney cDNA library (Fig. 5-6). Slot blot analysis of liver totai RNA
demonstrated a signal with the rat NHE-1 probe, but lack of signal from the same RNA by
Northern blot analysis demonstrated that hybridisation in slot blots was most likely non-

specific.
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Figure 5-1. Representative data showing the effects of a 3 h hypercapnia exposure on trout
blood acid-base status. Trout were cannulated to allow for an extracorporeal blood loop as
noted in the Materials and Methods. Hypercapnia exposure (gassing water with CO,) was
initiated at 10 min. The different variables shown are (A) P.CO,, (B) pHy, (C) P,CO, and

(D) pH.. All data were obtained from one fish during the same time period.
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Figure 5-2: The effects of chronic hypercapnia exposure on (A) blood pH and (B) plasma
total CO, in the rainbow trout. Closed symbols (®) represent control values and open
symbols (o) represent hypercapnic exposure values. Following the collection of pre-samples
(time 0), blood was collected from fish every 24 h for 72 h. Values are presented as the

means + SEM (n=6). * represents a significant difference between control and experimental

values.
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Figure 5-3: The effect of in vitro hypercapnia exposure (gassing by 1% CO,) on hepatocyte
pH;. Values are presented as the means + SEM (n=4). * represents a significant difference

between control and amiloride treatments.
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Figure 5-4: Hepatocyte pH; recovery rates following acid loading with Na-propionate (50
mmol 1""). Hepatocytes were isolated from control trout or trout exposed to hypercapnia (1%
CO,) for 48 h. Control medium contained 5 mmol 1! NaHCO; and compensated medium
contained 15 mmol I NaHCO;. Values are presented as the means + SEM (n=6). No

significant differences between control and experimental values were detected.
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Figure 5-5: Recovery rates in hypercapnia-exposed trout hepatocytes following acid load by
Na-propionate (50 mmol I"'). Hypercapnia-exposed cells were previously subjected to in
vitro hypercapnia (1% CO,) for 18 h. Values are presented as the means + SEM (n=6). No

significant difference between the control and experimental values was detected.
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Table 5-1. Baseline pH; values in hepatocytes following an 18 hr in vitro hypercapnia

exposure. Under control conditions, cells were bubbled with air instead of with 1% CO, in

air.
Control Hypercapnia Exposed
pH; 7.59 +£0.049 7.55 +0.076
ApH; (acid) 0.33+£0.014 0.29 +0.027

Values are means + S.E.M. (N=6)

No significant difference from pH; values in normal medium was detected in hypercapnia

exposed hepatocytes.
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Figure 5-6. Tissue distribution of NHE expression in the rainbow trout. The blot was probed
with the 258 bp fragment of NHE isolated from the gill/kidney cDNA library. To confirm

equal loading between samples, membranes were re-probed with an 8 actin probe from the

rainbow trout.
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DISCUSSION

Hypercapnia (respiratory acidosis) has been extensively studied as an environmental
stressor that causes a blood acid-base disturbance in fish. The effects of hypercapnia on
blood acid-base status are well understood, as are the mechanisms that are involved in the
regulation of this stress at the level of the gills (Goss and Perry, 1993; Goss et al., 1995;
Laurent and Perry, 1995). These regulatory mechanisms involve morphological changes at
the gills that promote acid excretion by the pavement cells, and that physically cover the
HCOs secreting chloride cells, decreasing their surface area and enabling the retention of
plasma HCO;". Regulation during acidosis also occurs at the molecular level, as shown by the
increase in expression of the acid-secreting H'-ATPase in gill cells as a result of hypercapnia
(Sullivan et al., 1996; Perry et al., 2000). Similarly in mammals, the expression of apical
NHE and basolateral NBC is increased in kidney cells to promote Na* and HCO5~ uptake and
H" excretion during metabolic and respiratory acidosis (Akiba et al., 1987; Preisig and
Alpern, 1988; Krapfer al., 1991).

Although as noted in this study blood pH is eventually regulated back to baseline
values during chronic hypercapnia exposure (Fig. 5-2), the initial decrease in blood pH
would cause a significant intracellular acidosis in visceral tissues (Milligan and Wood, 1985).
As a result, pH-sensitive cellular processes may be compromised, impacting upon the
function of the entire organ. It is clear that pH regulatory organs (e.g., gills and kidney) are
able to efficiently counteract acid-base stress more or less rapidly regulating blood pH back
to baseline values, but it is not clear if a tissue such as liver also activates similar mechanisms

to regulate intracellular pH during the face of an extracellular pH challenge.
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When trout hepatocytes are exposed in vitro to hypercapmia (gassing with 1% CO,),
the decrease in pH; is regulated to a degree by the Na*-H' exchamger as evidenced by the use
of amiloride (Fig. 5-3). When the NHE was blocked by amiloride, pH; was maintained at a
lower level compared with that in the extracellular medium. The extent of the pH; decrease is
accentuated by the addition of amiloride, suggesting that this exchanger is indeed activated
during the initial onset of acidosis and participates in regulating pH; under these
circumstances. NHE may not only be activated by a decrease in pH; as would occur during an
acid load, but is also active in maintaining the pH difference between the blood and the
cytosol. The pH gap between the blood and cytosol during hypercapnia is likely decfeased by
the activity of NHE. It is clear that this exchanger regulates pH; during hypercapnia, but not
to the same extent as observed for the erythrocyte BNHE (Thomas and Motais, 1990;
Thomas and Perry, 1992). It does appear to play at least a limnited role in reducing the
difference between intra- and extracellular pH.

The pH; recovery observed by Walsh (1986) during persistent hypercapnia exposure
(gassing with CO;) was not observed in this study (Fig. 5-3). The reason for this difference
likely lies in the methods that were employed, namely the BCECF method (this study) vs. the
DMO method (Walsh, 1986). Since pH; values measured by the DMO method include the
PH of all cytoplasmic components, including organelles, the pH; recovery observed using
that method can be attributed to alkalization of an organelle such as mitochondria that are a
large component of hepatocytes. No changes in cytosolic pH were measured with BCECF.

The hypothesis that hepatocytes up-regulate their acid extrusion mechanism
(principally Na*-H" exchange) during chronic intracellular acidosis was not supported by this

study. In hepatocytes isolated from hypercapnia-exposed fish, or hepatocytes exposed to in
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vitro hypercapnia, no difference was observed in comparison to those from normocapnic fish
in the ability to extrude intracellular acid following a subsequent acid load. Although, the
physiological evidence showed no effect of hypercapnia exposure, it is possible that the cells
are up-regulating their pH; regulatory mechanisms as would be indicated by an increase in
mRNA or protein expression. We were unable to obtain any positive hybridisation signals
with our liver RNA so an analysis of NHE expression was not possible. The probes used
contained very highly conserved NHE sequences and low-stringency wash procedures were
followed. In our opinion, low sequence identity of our probes with the RNA of interest
should not have been an issue. It is possible that since liver provides a very high yield of
RNA per gram of tissue, the high concentration of RNA may only contain a low copy
number of the mRNA of interest.

This study was performed under the assumption that only NHE would participate in
regulating intracellular acidosis, although it is now known that the Na*-HCOj3™ cotransporter
also contributes to this regulatory mechanism (Furimsky et al., 2000; Chapters 4 and 6). It is
very likely that NBC also plays an active role under these circumstances since it is known to
regulate pH closer to baseline levels.

In summary, though it is clear that trout hepatocytes regulate pH; following acid and
base loads, it is not clear whether they up-regulate pH; regulatory mechanisms during a
chronic acidosis. Physiological evidence from this study did not demonstrate an enhanced
ability of cells to recover from a subsequent acidosis. It is possible that the pH of different
tissues is inherently dependent on the regulation of pH. that is regulated over time. The
molecular examination of mRNA expression of NHE and NBC during hypercapnia exposure

could indicate whether different regulatory systems are enhanced.
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CHAPTER 6
CLONING AND EXPRESSION OF THE Na‘*-HCO; COTRANSPORTER IN

RAINBOW TROUT (Oncorhynchus mykiss)
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ABSTRACT

The Na*-HCOj;™ cotransporter gene (NBC) was cloned from both a trout gill/kidney
cDNA library as well as a trout liver cDNA library using homology cloning. The 731 bp
sequence of gill/kidney cDNA showed identical sequence homologies to the 437 bp sequence
sequenced from the liver cDNA library. These fish NBC sequences showed high homology
to known NBC sequences from other vertebrate species at both the nucleotide (78-79%) and
amino acid (44-71%) levels. The highest homology was in the membrane-spanning domain,
whereas the lowest homology among all six protein sequences aligned, occurred at the
putative extracellular loop. The DIDS binding motif that is highly conserved in mammalian
NBC (KMIK), is different in the fish sequence with isoleucine (I) substituted by leucine (L).
Northern Blot analysis showed high NBC expression in trout gill and kidney, with lower
expression in liver. These results support functional evidence for the expression of NBC in

the trout liver while providing evidence that this transporter is present in gill and kidney.
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INTRODUCTION

The Na™-HCO; cotransporter (NBC) belongs to the superfamily of HCOs
cotransporters that also includes the Na'-dependent and Na‘-independent CI-HCOj;
exchangers. The Na'-HCO;" cotransporter is expressed in several different tissues where it
mediates Na* and HCO;  movements across cell membranes for the purpose of Na* and
HCOj3  reabsorption or pH; regulation (see reviews by Boron et al., 1997; Romero and Boron,
1999; Soleimani and Burnham, 2000). The cloning of NBC from the kidney of the tiger
salamander Amphystoma tigrinum (Romero et al., 1997) was followed by the cloning of this
same gene in several mammalian tissues. These included human kidney (Burmham et al.,
1997), human heart (Choi et al., 1999), human pancreas (Abuladze et al., 1998), rat kidney
(Romero et al., 1998), rat pancreas (Thevenod et al., 1999), mouse pancreas (Abuladze et al.,
1998) and rabbit duodenum (Rossmann et al., 1999). A similar sequence has been reported
from the nematode Caenorhabtitis elegans (Romero and Boron, Genbank accession no.
AF004926), although homology with the vertebrate NBC gene is relatively low.

The activity of NBC is prominent on the basolateral membranes of renal proximal
tubules, participating in the reabsorption of the majority of filtered HCOs™ and a significant
amount of Na" back into the circulation (Boron and Boulpaep, 1983; Alpern, 1985). In the
pancreas, NBC mediates HCO;" transport from blood to the pancreatic duct (Shumaker et al.,
1999). This protein is also important as an alkaline loader in pH; regulation of several tissues,
namely brain (Bevensee et al., 1994a,b; Boussouf et al., 1997), liver (Fitz et al., 1989;
Gleeson et al., 1989) and heart (Dart and Vaughan-Jones, 1992; Lagadic-Gossmann e al.,
1992).

In fish, HCOj;™ transporters have been identified in several tissues. In the gill, which
has a primary role in ionic and acid-base regulation, strong evidence exists for the roles of
Na*-H" exchangers, CI-HCO; exchangers, H-ATPase and Na® channel (Avella and
Bomancin, 1989; Goss et al., 1992; Heisler, 1993; Claiborne, 1998). The uptake of Na® is
linked to the excretion of H', and the uptake of CI is linked to the excretion of HCO; by a
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CI'-HCOj3" exchanger (see Chapter 1, Fig. 1-1). The kidneys, though having a less important
role in acid-base regulation in fish than in their mammalian counterparts, are also important
sites for Na* and HCO;™ movement. The Band 3 protein (AE1) is also one of the major
proteins in fish erythrocytes, being responsible for both CI"-HCO3™ exchange and anchorage
to the cytoskeletal network. The primary structure of the trout Band 3 protein has been
deduced (Hiibner ez al., 1992). Physiological evidence also exists for the role of Na'-
dependent CI-HCO3™ exchange in trout erythrocytes (Berenbrink and Bridges, 1994) and
thrombocytes (Nikinmaa et al., 1999). The role of Na*™-HCO;" cotransporter had not been
specifically determined in the tissue of any fish species until recently, when Furimsky et al.
(2000) provided evidence for its role in liver pH; regulation, and Wood and Pirt (2000)
provided evidence for its role in gill (pavement cell) pH; regulation.

The cloning of this integral membrane transport protein has led to the determination
of its expression patterns in the tissues of several vertebrate species. Although much attention
has focused on the role of NBC in mammalian systems, little is known regarding its
expression in lower vertebrates such as fish. The purpose of the present study was to clone
the trout Na-HCO; cotransporter and to use a homologous probe to determine its

distribution in selected trout tissues.
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MATERIALS AND METHODS
Experimental Animals

Rainbow trout, Oncorhynchus mykiss (Walbaum), weighing 200 to 300 g were
obtained from Linwood Acres Trout Farm (Campbellcroft, Ontario, Canada). Rainbow trout
were transported to the University of Ottawa in oxygenated water. Fish were maintained on a
12L.:12D photoperiod in fiberglass aquaria (water volume 500 1) supplied with flowing,
aerated and dechloraminated City of Ottawa tap water ([Na‘] = 0.10 mmol I, [CIT = 0.15
mmol I, [Ca®*] = 0.35 - 0.40 mmol I'!, [K*] = 0.03 mmol 17, pH 7.7 - 8.0). Trout were kept

at a water temperature of 15 °C and were fed a commercial trout chow diet daily.

Polymerase Chain Reaction using Library cDNA as Template

Degenerate primers were designed for PCR based on conserved gene sequences
determined from an alignment of the NBC gene from different vertebrate species (Romero et
al., 1997, 1998; Burnham et al., 1997; Rae, unpublished sequence) obtained from GenBank.
Primer sites were designed to give a maximum fragment size of 1 Kb. The outer primers
were the forward 5° primer (NBCMF-F1) that was the 2lmer 5°-
CATGCAGGGCGTGTTGGAGAG-3’ and the 3’ primer (NBCMF-R1) that was the 21mer
5’-GTCTCTGTCTCCATCTTCAAR-3’. These primers correspond to the nucleotides at
positions (1492 - 1512) and (2566 - 2586), respectively, of the Amphystoma kidney Na’-
HCOj™ cotransporter (Romero et al., 1997). The inner primers were the forward 5° primer
(NBCMF-F2) that was the 2lmer 5’-TAYGATGCTTTCAAGAAGATG-3’ and the 3’
primer (NBCMF-R2) that was the 21mer S’-GATAATGGCAAARTCACTGAT-3". These
primers correspond to the nucleotides at positions (1793-1813) and (2183- 2203) of the
Amphystoma kidney Na*-HCO;" cotransporter, respectively. The position of these primers is
indicated on Figure 6-1. Different primer combinations were used rather than using a nested

PCR approach.



126

PCR was performed in 25 pl reaction mixtures containing 2.5 mmol I MgCl,, 200
umol I"" of each NTP, 200 nmol 1" of each primer (in different combinations) and 1 unit of
Taq polymerase (Life Technologies) in PCR buffer supplied with the enzyme. The templates
for the reactions were 1 pl of either a mixed gill/kidney cDNA library from the rainbow trout
(Perry et al., 2000) or a rainbow trout liver cDNA library (generously provided by JF
Leatherland, University of Guelph). The PCR protocol was as follows: an initial 5 min
denaturation step at 94°C followed by 40 cycles of 94°C for 0.5 min (denaturing), 55.9°C for
0.5 min (annealing), and 72°C for 1 min (extension), with a final extension for 5 min at 72°C
in a PTC-100 (M.J. Research) thermal cycler. The primer combinations NBCMEF-
F1I/NBCMF-R2 and NBCMF-F2/NBCMF-R2 yielded products of the expected size.

R2 R1
(2183-2203) (2566-2586)
F1 F2

(1492 -1512) (1793-1813)

Figure 6-1. The primer strategy utilised to clone the Na*™-HCO;™ cotransporter from trout
(Oncorhynchus mykiss) tissues. The nucleotide sequences are based on those in the full
length salamander kidney NBC sequence (dmbystoma tigrinum, Genbank accession no.
AF001958).
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Clones were produced using the pGEM®-T Easy cloning vector system (Promega).
The pGEM® vector has a size of 3 Kb and DNA is inserted into the EcoR1 site of the
polylinker. The PCR products were ligated into the cloning vector [S nl 2X Rapid Ligation
Buffer, 1 pl of pPGEM®-T Easy Vector (50 ng), 3 ul of PCR product and 1 pul T4 DNA
Ligase (3 Weiss units/ul)] and incubated overnight at 4°C. Plasmid DNA containing the
inserts was transformed into competent DH5aF’ cells according to the procedure of Hanahan
(1985). Briefly, competent cells were permeabilised and cells were “heat-shocked” to allow
for plasmid uptake. Cell growth was encouraged by incubating in SOC Broth for I h. Cells
were then grown on agar plates (+ ampiciilin) overnight. Positive (white) colonies were
chosen and patched onto another plate with a grid. Following overnight culture, colony PCR
was performed to determine the size of the relative inserts in selected cell colonies. Plasmids
containing inserts (from white colonies) were used as templates, the primers were the M13
forward and reverse, and the reaction was catalysed by Vent polymerase (New England
Biolabs). Colonies containing inserts of the correct size were chosen and grown overnight in
2X YT Broth (+ ampicillin). Plasmids were isolated from the cells using the Wizard Plasmid
prep kit (Promega). Restriction analysis was performed to determine the size of the PCR

product inserted into the EcoR1 site of the polylinker of the pGEM®-T-Easy vector.

DNA Sequencing
Sequencing of the cDNA was performed using the dideoxy chain termination
technique. DNA sequences were analysed using the BLAST program at the National Center

for Biotechnology Information (NCBI).
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Southern Blot

The presence of NBC in trout liver was initially determined using Southern Blot
analysis. The PCR products from the liver cDNA library or the restriction fragments were
run on a gel and transferred to a nylon membrane (Hybond) by capillary action overnight
following denaturation and neutralisation steps. Blots were hybridised with the 730 bp NBC

fragment isolated from the trout gill/kidney cDNA library.

Northern Blot Analysis

Preparation of RNA

Following the different treatments, fish were terminally anaesthetised m 1:12 000
(mass:volume) solution of benzocaine (ethyl-p-aminobenzoate). Blood samples were
collected from each fish by caudal puncture with a heparinised syringe. The remainder of the
blood was removed from the entire fish by perfusion via the heart with 0.9% NaCl solution
cooled to 10°C. The perfusion procedure was very effective at clearing blood from gill and
liver, though some residual blood contamination was present in the kidney. Tissues were then
removed from the fish, placed in labelled aluminum weigh dishes and frozen immediately in
liquid N,. All tissues, blood and plasma samples were stored at -80°C until needed.

RNA was isolated by the acid guanidium thiocyanate-phenol-chloroform extraction.
All solutions used during the RNA isolation procedure were made in DEPC
(diethylpyrocarbonate)-treated water to ensure that they were RNase free. The solutions used
were: phenol (saturated with DEPC water); Solution D [73 ml DEPC water, 62.5 g of solid
GITC (Guanidine Isothiocyanate); 4.4 ml 0.75 sodium citrate; 6.6 ml of 10% Sarkosyl, 0.3

ml of 2 -B-mercaptoethanol]; sodium acetate (2.0 mol 1", pH 4.0); chloroform; high salt
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buffer (1.2 mol 1" NaCl, 0.8 mol I'! Na-citrate); iso-propanol; 80% ethanol; and, 3.0 mol I
sodium acetate (pH 5.5).

Frozen tissues were weighed, placed in a metal homogenising bucket containing
solution D (5 ml g™ of tissue) and homogenised. The successive addition of 2 mol I"* Na-
acetate (0.5 ml g') and phenol (2.5 ml g), and then chloroform (1 ml g™') were always
followed by intermittent homogenisation. Homogenates were emptied into labelled 17 x 100
round bottom conical tubes and the pH verified to be approximately 4.0. Following a 20 min
centrifugation at 8,000 rpm, the supernatant was transferred to a new conical tube and the
volume measured. RNA was precipitated from this supernatant by the addition of high salt
buffer (0.2 vol) and iso-propanol (0.2 vol) that were then mixed and incubated for 10 min at
room temperature. The solutions were then centrifuged at 8,000 rpm for 15 min. The pellets
were repeatedly washed with 10 ml 80 % ethanol, shaken for 10 min and finally centrifuged
for 10 min at 8,000 rpm. Pellets were dried in a vacuum dessicator for 5 min. Dry RNA
pellets were resuspended in minimal volumes of DEPC water. The RNA was aliquoted for
storage in DEPC water, as well as being precipitated with 1/10 vol of 3 mol I"' Na-acetate
and 2.5 vol of 95% ethanol.

Poly A" RNA was isolated from liver, gill and kidney using the straight A’s mRNA
isolation kit (Novagen) according to the manufacturers instructions.

In order to determine purity and amount of total or poly A* RNA,-optical density
(OD) readings were made using a GeneQuant RNA/DNA Calculator (Pharmacia). Samples
were diluted so as to give reading between 0.1 and 1.0 absorbance units (AU). A 260/280

ratio of 2 indicated high purity of RNA. RNA was also run on denaturing gels (see below for
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specific details) in order to test for purity (determined by the presence of distinct 18S and
28S ribosomal RNA bands).

RNA samples were incubated in 2.25 vol of RNA running buffer (Bromophenol Blue,
Ethidium Bromide) for 20 min at 65°C. Samples were then loaded on to 100 ml volume
denaturing gels (1% Agarose, 1X MOPS running buffer) and run so as to give a good
distribution of RNA. Total RNA (20 pg) from the following tissues was run on these gels:
blood, blood (cortisol-treated), gill, gill (cortisol-treated), heart, intestine, kidney (anterior),
kidney (posterior), liver, liver (cortisol-treated), spleen, and white muscle. Poly A RNA (10
pg) from liver, kidney and gill was also run on Agarose gels. RNA was transferred by
capillary action onto nylon membranes (GeneScreen) for 48 h. The membrane was exposed
to UV for 5 min to cross-link the RNA to the membrane.

PCR products containing the fragment of the NBC gene of interest were run on a gel
and then isolated using the QIAquick PCR band isolation kit (QIAGEN) according to the
manufacturer’s instructions. The isolated DNA was used to probe the tissues of interest.
DNA was radio-labelled with 3*P-dCTP (Amersham) using the random prime (Klenow)
method. Initially, 7 ul DNA was added to 5 pl H,O (final volume 12 pl), boiled for 5 min
and then chilled on ice for 3 min. Probe was labelled by the Klenow reaction consisting of 6
ul 5X buffer, 5X nucleotides, 5 pul (50 pCi) **P-dCTP and 1 pl large fragment DNA
polymerase (GibcoBRL). The reaction progressed for 30 min and then was stopped by the
addition of 70 pul STE buffer (50 mmol I Tris, 10 mmol I EDTA, 150 mmol I"' NaCl, 0.1%
SDS). This mixture was added to a Sephadex spin column (made using a 1.0 ml syringe) and
centrifuged at maximum speed for 3 min to remove unincorporated isotope. The reaction

mixture containing the labelled probe was boiled for 10 min to denature the DNA strands and
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chilled on ice. Probe was then added directly to the tube containing the blots and
hybridisation solution.

Blots were pre-washed in 50 ml of 0.1 X SSC, 0.1% SDS at 65°C for 20 min. The
hybridisation solution (made up in ddH,O containing 10% dextran sulfate, 1% SDS, 6X SSC,
100 pg ml™! ssDNA and 5X Denhardt’s), was added to the membranes at 65°C (10 ml
hybridisation solution per 100 cm?). After 4 h, the denatured probe was added to the pre-
hybridisation solution and incubated at 65°C for 20 h. The blots were washed at 65°C
sequentially with 2 X SSC (2 washes of 50 ml each for 15 min each wash) followed by 2 X

SSC, 0.1% SDS (2 washes of 50 ml each for 30 min each wash).

RESULTS

A homology cloning approach was used to clone a portion of the cDNA encoding the
Na*-HCOjs™ cotransporter in the rainbow trout (Oncorhynchus mykiss). Based on conserved
nucleotide sequences of other vertebrate species, primers were designed for PCR experiments
involving trout gill/kidney and liver cDNA libraries (Fig. 6-1). PCR products of the expected
size (731 bp and 420 bp) were obtained from the gill’kidney cDNA library, demonstrating
high homology with the known NBC sequences from other species (Figs. 6-2 and 6-3). The
731 bp cDNA fragment (that included identical sequences from the smaller fragment) was
used as a probe for the hybridisation experiments. Hybridisation of a Southern Blot
containing PCR products obtained using the same primers but the liver cDNA library as a
template yielded positive signals of the expected sizes (Fig. 6-4A), as did the cloned liver
DNA restricted from the EcoRI site of the pPGEM vector (Fig. 6-4B). The 420 bp fragment of
liver DNA cloned from the liver cDNA (Fig. 6-5), demonstrated 100% homology with the
same portion of NBC sequence from the gill/kidney (Fig. 6-6).
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A Blastn search of the Genbank database yielded 17 matches corresponding to
vertebrate NBC sequences, all having E values less than 10'®. Nucleotide identity with the
trout gill/kidney NBC sequence was 78-79%. The highest score occurred with the rabbit
duodenal Na*-HCOs~ cotransporter sequence. A Blastp search of the translated nucleotide
sequence yielded 25 matches with E values less than 10°°. Amino acid identities were
between 44-71%. The highest identity was with a fragment of the Ambystoma NBC protein.
The 420 bp trout liver sequence was ~ 100% identical to a portion of the trout gill/kidney
sequence.

The tissue distribution Northern blot using 20 pg of total RNA isolated from different
fish tissues showed some non-specific signals with gill, intestine and kidney, but not in liver
(Fig. 6-7). A Northern blot of 15 pug of mRNA isolated from liver, gill and kidney showed
distinct bands above that of the 28S ribosomal RNA (~4 Kb) that were estimated to be
approximately 6-8 Kb in size. The expression appears high in gill and kidney, with lower
expression in the liver (Fig. 6-8). Non-specific binding is visible to the 18S and 28S

ribosomal bands and the size of the NBC could only be derived from their known sizes.
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Figure 6-2. Nucleotide sequence and translated amino acids of the trout gill/’kidney NBC
partial sequence (731 bp). The primer sites are indicated (bold). The sequence was prepared
using DNAMAN (Lynnon Biosoft).
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1 GCCTCCCATGGCGGCCGCGGGAATTCGATTCATGCAGGGCGTGTTGGAGAG
1 p P M A A A G I R FM Q G V L E 8
52 TTTCCTGGGCACGGCACTGACGGGGGCCATATTCTGTCTGCTGGGTGGCCA
18 F L 6 T A L T G A I F C L L G G 9
103 GCCTCTCACCATTCTCAGCAGCACAGGTCCTGTACTGGTGTTTGAAAGGCT
35 p L T I L § 8 T G P V L V F E R L
154 CCTCTTCAACTTCAGCAAAGACCATGACTTTGACTATCTGGAGTTCAGGCT
52 L ¥ N F 8§ K D H D F D Y L E F R L
205 GTGGATCGGCCTTTGGTCAGCCTTCTTCTGCCTGGTGCTGGTTGCCACAGA
69 w I 6 L w S A F F C L VvV L VvV A T D
256 TGCCAGCACCCTGGTCAAGTACTTCACACGCTTCACAGAGGAGGGCTTTTC
86 A S T L v K Y P T R F T E E G F S8
307 TTCCCTCATCTCCTTCATCTTCATCTACGACGCCTTCAAGAAGATGCTGAA
103 s L I s rF I F I ¥ D A F K K M L K
358 GCTGGCCCACTACAACCCCATCAACGCTGACTATGACCCCAACTACGTCAC
120 L A H Y N P I N A D Y D P N Y V T
409 AATGTACGACTGCCGCTGCATGCCCCCACCGGACGACGGCAATATGACGGG
137 M ¥y b CR C M P P P DD G NMT G
460 TCTCTATATCGATGCCTCTGCCTGGATAAACAATGCTGATCTGTCGGTAAA
154 L ¥y I D A S A W I N N AD L S V N
511 TGCCACATGGGCGTCTCTCGACAAGAAGCAGTGTGTGGTGTACGGCGGCGA
171 A T W A S L D K K Q C V vV Y G G E
562 GCTGATTGGTCCAGCCTGTGGCTTCGTCCCTGACGTCACTCTGATGTCATT
188 ., 1 G p A CGUF V P D VT L M S F
613 CATCCTTTTCCTGGGGACCTACACCTGCTCCATGTCCCTCAAGAAGTTTAA
205 I L ¥ L G T ¥ T €C s M 8§ L K K F K
664 GTTCAGCCGCTTCTTCCCCACCACTGTGAGGAAGCTGATCAGTGACTTTGC
222 F § R F F P T T V R K L I S D F A
715 CATTATCAATCACTAGT

239 I I N H *
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Figure 6-3. Protein alignment of the trout gill/’kidney NBC amino acid sequence with
different vertebrate NBC sequences, including human kidney (Homo sapiens, Genbank
accession no. AF007216), rat kidney (Rattus norvegicus, Genbank accession no. AF004017),
mouse pancreas (Mus musculus, Genbank accession no. AF020195), rabbit comea
(Oryctolagus cuniculus, Genbank accession no. AF119816) and salamander kidney
(Ambystoma tigrinum, Genbank accession no. AF001958). The alignment was prepared
using DNAMAN (Lynnon Biosoft) and the alignment was shaded using GeneDoc®©

(available free at www.psc.edwbiomed/genedoc). The consensus of the six sequences is indicated

below the alignments. Capital letter represents identity among all six sequences; small letter
represents identity among five of six; numbers indicate that all six have an amino acid of the
same functional group. Functional amino acids are defined in six groups: 1 (DN), 2 (EQ), 3
(ST), 4 (KR), 5 (FYW), and 6 (LIVM). Black shading represents identity among all six
sequences, grey shading represents identity among five of six sequences, and light shading

represents identity among 4 of 6 sequences.
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Figure 6-4. Southern blot analysis of PCR products from the trout liver cDNA library. Blots
were probed with the 731 bp NBC ¢cDNA cloned from the trout gill/kidney cDNA library.
Positive signals were obtained with (A) initial PCR products using the F;R; and F;R; primer
combinations, as well as (B) EcoR1 restriction fragments from pGEM vector containing

cloned liver cDNA. Approximate size of cDNA is indicated based on size ladder PhiXHaeIll.
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GATTTATGATGCTTTCAAGAAGATGCTGAAGCTGGCCCACTACAACCCCAT

1 I Yy bA F K KM L K L A H Y N P I
52 CAACGCTGACTATGACCCCAACTACGTCACAATGTACGACTGCCGCTGCAT
18 N A DY D P N Y V T M Y D C R C M
103 GCCCCCACCGGACGACGGCAATATGACGGGTCTCTATATCGATGCCTCTGC
35 p p P D D GNMT G L Y I D A S A
154 CTGGATAAACAATGCTGATCTGTCGGTAAATGCCACATGGGCGTCTCTCGA
52 w I N N A DL S V N A T W A S L D
205 CAAGAAGCAGTGTGTGGTGTACGGCGGCGAGCTGATTGGTCCAGCCTGTGG
69 K K @ ¢ vv ¥ G G E L I G P A C G
256 CTTCGTCCCTGACGTCACTCTGATGTCATTCATCCTTTTCCTGGGGACCTA
86 F Vv P DV T L M S F I L P L G T Y
307 CACCTGCTCCATGTCCCTCAAGAAGTTTAAGTTCAGCCGCTTCTTCCCCAC
103 T ¢ s M s L K K F K F S R F F P T
358 CACTGTGAGGAAGCTGATCAGTGACTTTGCCATTATCAGTGATTTTGCCAT
120 T v R K L I s b F A I I S D F A I
409 TATCAATCACTAGT

137 I N H *

Figure 6-5. Nucleotide sequence and translated amino acids of the trout liver NBC partial
sequence (422 bp). The primer sites are indicated (bold). The sequence was prepared using

DNAMAN (Lynnon Biosoft).
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Figure 6-6. Amino acid sequence alignment of the partial Na*-HCOj;™ cotransporters from
trout gill/kidney and liver. The alignment was prepared using DNAMAN (Lynnon Biosoft)

and the alignment was shaded using GeneDoc®© (available free at www.psc.edwbiomed/genedoc).

The consensus of both sequences is indicated below the alignment. Capital letter and black

shading represent identity between the two sequences.
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Figure 6-7. Northern blot analysis of total RNA (20 ug per lane) isolated from different trout
(Oncorhynchus mytkiss) tissues. Blot was hybridised with the 731 bp NBC cDNA from trout

gill/kidney under low stringency conditions.
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Figure 6-8. Northern blot analysis of m:RNA (15 pg per lane ) isolated from trout
(Oncorhynchus mykiss) gill, kidney and liwer. Blot was hybridised with the 731 bp NBC
cDNA from the gill/kidney under high stringeency conditions.
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DISCUSSION

The molecular biology of the Na*-HCOj3™ cotransporter has only very recently come
to the forefront after years of pharmacological studies. Since the gene was first cloned from
Ambystoma kidney (Boron et al., 1997), its expression has been observed in several species
and tissues, and different isoforms have been elucidated (see reviews by Boron et al., 1997;
Romero and Boron, 1999; Soleimani and Burnham, 2000). Since the initial discovery of the
salamander NBC, all further focus has been on the cloning and expression of this protein in
mammalian systems. A gene coding for a similar transporter has been found in an
invertebrate, the nematode C. elegans (Romero and Boron, Genbank accession no.
AF004926).

The Na*-HCOj3™ cotransporter is known to play an important role in the reabsorption
of the majority of HCO;™ from the lumen of the kidney (Boron and Boulpaep, 1983; Alpern,
1985). The stoichiometry of NBC in the kidney is 1Na":3HCO;" that favours the movement
of HCOj™ out of kidney cells and into the circulation. When participating in the regulation of
pH;, transport occurs by the more favourable 1Na*:2HCO;" stoichiometry that allows for the
entrance of HCOs™ into the cytoplasm along with the Na* gradient. The same NBC isoform is
capable of working in both directions. In its role in pH; regulation, it is involved in
maintaining pH; at baseline levels rather than being mainly activated by decreases in pH; as is
the Na"™-H" exchanger.

The Na*™-HCO;" cotransporter is a single protein that displays a hydropathy profile of
10 transmembrane domains (Romero and Boron, 1999). The membrane-spanning domain
contains the sites for Na* and HCO;" transport, and incurs DIDS sensitivity. The 230 amino
acid fragment of trout gill/kidney NBC represents the sequence spanning from the third to the
seventh transmembrane domain. This sequence includes the large putative extracellular loop
as well as a DIDS binding motif. The greatest heterology that exists between all the
sequences studied is at the large extracellular loop located between the putative fifth and

sixth transmembrane domains. The DIDS motif containing four amino acids (KMIK;
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K=lysine, M=methionine, [=isoleucine) is conserved in all mammalian NBC sequences. In
the trout sequences (liver and gill/kidney) this motif, located prior to the extracellular loop, is
KMILK (L=leucine). Anion exchangers (AE) have a different DIDS motif KL(X)K
(X=LV,Y) (Bartel ez al., 1989; Okubo et al., 1994). The size of the NBC gene in gill, kidney
and liver, approximated by comparison to the size of fish rRNA (Hervio et al., 1997), is
comparable to the known complete sequences.

Since a complete NBC sequence has yet to be obtained from any fish tissue, it is not
possible to make a proper phylogenetic comparison with other vertebrate species. The
differences observed can only suggest an evolutionary difference. Not only would the
translated sequences of the gene be necessary for a complete analysis, but also the 5° and 3’
untranslated sequences. The cloned liver and gill’/kidney cDNA sequences represent amino
acids located in the middle of the protein, so a good strategy to employ from this point
forward would be to use RACE (Rapid Amplification of cDNA Ends) PCR to clone the 5’
and 3’ segments.

The identification of the role of Na*-HCOs™ cotransport as a principal mechanism of
pH; regulation in trout hepatocytes (Furimsky et al., 2000), provided some initial evidence
that this protein was active in fish tissues. Though a complete liver NBC sequence has yet to
be obtained from any vertebrate species, the fragment cloned in this study provides further
evidence for its presence in the trout liver (Fig. 6-2, 6-3). This transporter has also recently
been identified to play a role in the pavement cells of trout gills (Wood and Part, 2000),
though it is not yet clear how NBC is directly involved in acid-base or ionoregulatory
mechanisms. The accepted model for Na* uptake and H' excretion in the pavement cells of
freshwater fish involves a linked H'-ATPase and Na* channel (Avella and Bornancin, 1989).
It is likely that NBC is located on the basolateral membrane of chloride and pavement cells
and is involved in HCO;™ excretion and/or pH; regulation of gill cells as a result of the
appropriate gradients that exist for Na” and HCO;™ between blood and the cytoplasm. It is

possible that similar to the mammalian and amphibian kidney, this protein is also involved in
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osmoregulation by reabsorbing HCO3™ from the nephron. During hypercapnia, the kidney
excretes acids and takes up more HCOj3™ to avoid its loss in the urine. The reabsorption of
tubular HCO;™ may be mediated by NBC as this activity is up-regulated during an acid stress.
A good strategy to detect any subtle changes in NBC mRNA expression, as may be occurring
during an acid-base disturbance, would be to employ ribonuclease protection assay.

In summary, the trout gill, kidney and liver express the Na'-HCOj3" cotransporter.
Although only a partial sequence has been obtained, it is clear that very high homology exists
between trout and the other vertebrate species sequences examined to date. The
transmembrane domains are well conserved, though one amino acid substitution occurs in the
DIDS motif of the fish sequence. Though the molecular evidence obtained in this study
supports physiological evidence obtained from trout liver (Furimsky et al., 2000), it also
suggests a novel mechanism involving this protein in Na* and HCOs™ transport in the gills

and kidneys of teleost fish.
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CHAPTER 7

GENERAL DISCUSSION
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SUMMARY OF PRINCIPLE FINDINGS

CHAPTER 2: Isolated hepatocytes experience an intracellular ion imbalance following
isolation. Ion gradients for Na*, K" and CI are directionally correct, though different from
those found in the intact tissue.

CHAPTER 3: The hepatocytes of O. mykiss, A. melas and A. rostrata are able to regulate
pH;, though they exploit different mechanisms. Regulation of pH; in O. mykiss and A. melas
occur principally by Na'-H' exchange, whereas A. rostrata appears to exploit a CI-
dependent mechanism.

CHAPTER 4: A Na"-HCOj" cotransporter is a principal component in pH; regulation in the
trout hepatocyte. This transporter regulates baseline pH; and is complementary to the Na™-H"
exchanger in recovery to an acid load.

CHAPTER S§: The ability of trout hepatocytes to recover from an acid load is not influenced
by respiratory acidosis. Though a decrease in blood pH results in a decrease in pH;, no
physiological evidence was obtained supporting the hypothesis that chronic exposure to
acidosis up-regulates the mechanisms involved in recovery to acid loading.

CHAPTER 6: The trout liver and gill/kidney express the gene that codes for the Na*-HCOj3"
cotransporter. A partial clone was obtained from both a liver cDNA library as well as a
mixed gill/kidney library. A Northern blot of a liver, gill and kidney mRNA probed with a

homologous 734 bp NBC fragment gave a positive signal.
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Intracellular pH regulation in teleost hepatocytes
Fish hepatocyte as a cell model

The use of hepatocytes as a cell model has yielded countless data regarding many
aspects of mammalian and comparative physiology. It is, however, necessary to appreciate
that these cells are not in their natural physiological state and that results may not be truly
representative of what occurs in the intact organism. The morphology of the liver in vivo
consists of hepatocytes in a polarised arrangement with the basolateral membrane facing the
circulating blood and the apical membrane facing the bile canaliculus. Hepatocytes in
suspension would clearly display a non-polarised distribution of membrane transporters and
loss of the physiological steady-state dependent on an association with other cells in a tissue.
The cell membrane targeting (polarity) of the membrane transporters was appreciated, though
not crucial to this thesis. The main interest of the pharmacological studies was the activity of
the mechanism of pH; regulation as a whole, though experimental systems in which the
polarity of fish hepatocytes could be established would be of great benefit. Cell viability was
always high, though the gradients that existed across the cell membrane differed from those
found in the intact tissue (Chapter 2). The measurements of plasma ion levels, as weli as
intracellular erythrocyte and hepatocyte ion levels demonstrated that differences do exist
between species in their blood chemistry and its regulation. The basis for different plasma
ion levels in fish are not understood, but are interesting species differences nonetheless. The
ionic gradients that existed between the plasma and the hepatocyte intracellular environments

did, in all cases, display favourable Na* and K gradients.
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Interspecific Comparisons

Several different regulatory mechanisms participate in concert to regulate hepatocyte
pH;. The different regulatory mechanisms, be they membrane transport proteins or
intracellular buffers, are in turn regulated independently. The Na*-H" exchanger is activated
by low pH; the CI-HCO; exchanger is activated by high pH; and the Na*-HCOj;
cotransporter is most highly active at baseline pH;. Though all mechanisms work towards the
main goal of regulating pH;, their roles are distinct and may vary between different cell types.

The membrane transport proteins that contribute to hepatocyte pH; regulation were
examined in the rainbow trout, black bullhead and American eel (Chapter 3). Previous
studies involving the rainbow trout and the marine Gulf toadfish showed significant
differences in the mechanisms employed, namely the absence of CI-HCO;" exchange in the
toadfish (Walsh, 1986; 1989). Pharmacological studies showed that trout and bulihead
employed similar mechanisms to regulate hepatocyte pH;, but the eel differed significantly. A
decrease in pH; activated the Na'™-H" exchanger (NHE) in trout and bullbead. In these two
species, recovery was dependent on extracellular Na*, though trout recovery was even more
strongly dependent, suggesting another mechanism that upon further study (Chapter 4) was
determined to be a Na'™-HCOj;™ cotransporter (NBC). The eel did not demonstrate any Na*-
dependent or amiloride-sensitive recovery to an acid load. Though amiloride did decrease
baseline pH; in eel hepatocytes, NHE appears to be functionally absent. Recovery to an acid
load was Cl'-dependent in eel, likely involving the decrease in activity of a Na'-independent
CTI-HCOs™ exchanger. Recovery to a base load in trout hepatocytes involved the turning off
of NHE and the activity of CI-HCOj;" exchange. Significant morphological, physiological,

and pharmacological differences are known to exist between eel and other teleost species
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(gill acid-base and ionic regulation: Laurent and Perry, 1995; chromaffin cell pharmacology:
Reid and Perry, 1994; erythrocyte NHE: Romero ef al., 1996). The eel is considered a more
primitive teleost species, and is well known to be resistant to stress and able to cope with
severe environmental changes. It is not yet clear if the differences observed between the
different species are true evolutionary differences or whether they represent different
strategies that best suit the lifestyles of the particular fish. It is possible that the eel has
retained some basic ionoregulatory characteristics, whereas more advanced species have
become more specialised to exploit different environments and lifestyles, requiring new
methods of cell and blood regulation.

The three teleost species compared in chapters 2 and 3 of this thesis (trout, bullhead
and eel) do not represent the entire spectrum of fish evolution, but rather only a relatively
short period of the early evolution of the teleost lineage. A more representative comparative
study would include agnathans (the predecessors of fish), elasmobranch species such as

sharks and rays, and a wider range of teleost fish.

Role of the Na'-HCOj5™ cotransporter

Though the Na™-HCOj5™ cotransporter (NBC) is well known in mammalian tissues for
its role in HCOs™ reabsorption and pH; regulation, this transporter had never before been
identified in any fish tissue. Though the role of this transporter was suggested from data in
trout (Chapter 3), only further'investigation lead to the conclusion that it was actually present
in the trout hepatocyte and integral to pH; regulation (Chapter 4). Previous studies provided
no evidence for its expression and activity in fish, and it was suggested, quite reasonably that

the low [HCO;3;'] would not favour the activity of this HCOs -dependent transporter. The
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transport of HCOs™ had been attributed only to Na'-dependent and -independent CI-HCOj;"
exchange. Evidence for the role of a Na'-HCOs ™ cotransporter was obtained using both
physiological and molecular techniques (Chapters 4 and 6, respectively). In trout
hepatocytes, all the factors that distinguish NBC from other membrane transport proteins
were observed, namely DIDS-sensitivity, Na*-and HCOs™-dependence, and electrogenicity.
The recovery to acid loading did not appear to have an additional Na*-dependent mechanism
in bullhead or eel hepatocytes, though further investigation would be necessary to draw any
positive conclusions.

The analysis of putative NBC sequences cloned from both liver and gill’/kidney
cDNA libraries showed highest homology to known NBC sequences in mammalian tissues.
Since the NBC gene family shares high sequence homology to the anion exchanger (AE)
gene family, primers were designed from NBC-specific sequences in order to avoid cloning a
CI'-HCOs™ exchanger that is known to be active in most fish tissues including liver. The
homology between AE and NBC is clear, necessitating the formation of a Bicarbonate
Transporter Superfamily (BTS) (Romero and Boron, 1999). The initial primer strategy did
indeed provide correct inserts, though the full-length sequence is still to be determined. The
NBC clones obtained were similar to the mammalian sequences, though the differences
observed in the DIDS-binding motif and the external loop could provide evidence as to the
evolution of this gene in vertebrates.

The experiments examining Na'-HCO; cotransporter function and expression
focused only on one species, the rainbow trout. It is realistic to believe that NBC is also
expressed in other fish species. It is surprising that no concrete evidence has been presented

for this transporter in any fish species until now, but these discoveries can provoke a re-
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evaluation of some well known ionoregulatory models in fish tissues. Though it was beyond
the scope of this thesis, the putative role of NBC in the gill, in particular could add another
dimension to the wealth of knowledge concerning Na® and HCO;™ excretion in fish. The
primary genetic information that exists for the trout not only provides a greater understanding
of this membrane transporting mechanism in this salmonid, but also in all other fish species.
Though high homology exists between the trout and salamander NBC, it is possible that the
differences that occurred over evolutionary time can be traced to more advanced species

within the fish lineage.

Expression of membrane transport proteins

The expression of regulatory proteins in fish and mammals is known to be strongly
influenced by external (environmental) factors or stressors that result in blood acid-base
disturbances. The membrane transport mechanisms involved in counteracting these stresses
are expressed in such a way as to enhance the ability of the organism to regulate these
disturbances and return conditions back to their normal steady-state. One goal of this thesis
was to determine if the hepatocyte pH; regulatory mechanisms are regulated by blood acid-
base status, but no physiological differences were observed following exposure to chronic
hypercapnia. The expression of genes for membrane transport proteins, namely NHE, could
not be determined as a result of a lack of signal in Nothern Blots where liver RNA was
probed with homologous and NHE heterologous probes. The ribonuclease protection assay
may be a valuable tool in assessing the more subtle changes in mRNA expression. The

physiological data do not demonstrate that regulation occurs at the liver during an acid-base
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disturbance, but the data do suggest that this organ would depend on the actions of the gills

and kidney to regulate blood status

CONCLUSIONS

The focus of this thesis was an investigation of the mechanisms involved in
regulating hepatocyte pH; in teleost fish. Experimental evidence suggested that several
membrane transport proteins are involved in the regulation of pH; and that their relative roles
differ in evolutionarily distinct fish species. Compared to the trout and bullhead, where the
Na’-H" exchanger played a significant role in recovery to an acid load, the eel hepatocyte
exploited a CI-dependent mechanism. The significant role of a Na'-HCO5" cotransporter in
the maintenance of baseline pH; and the recovery from an acid load in trout hepatocytes is a
novel finding in a fish tissue. The partial cloning of the Na*™-HCO5" cotransporter (NBC) gene
from fish tissues demonstrated that this membrane transport protein is highly conserved
amongst the vertebrate species so far examined. Therefore, while several different membrane
transport mechanisms are involved in regulating pH; of fish hepatocytes, it is still not known
if these mechanisms are influenced by environmental factors as is the H'-ATPase that is a
principal iono-regulatory membrane transport mechanism of the gill and kidney (Perry et al.,
2000). The significant differences observed among teleost species in this study and the
molecular evidence for the presence of a Na-HCOs;™ cotransporter in fish provide a
significant starting point for future research into the evolution of the regulatory mechanisms
in lower vertebrates. Comparative physiological studies involving complementary
experiments at the whole animal, cell and molecular levels should be the focus of future work

in examining the mechanisms of pH; regulation in evolutionarily distinct species of fish.
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