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Summary

The nature of the linkage between between branchial counterion availability without an alteration in

ammonia excretion Jamm) and unidirectional Na* influx
(IN3) was studied in the freshwater rainbow trout
(Oncorhynchus mykiss Arterial plasma total [ammonia],
PnH; and Jamm were all elevated approximately threefold
by intravascular infusion for 24 h with either 70 mmol I
(NH4)2S0s4 or 140mmolll NH4HCO3 at a rate of
approximately  400umolkg=th=1. Both treatments
markedly stimulated J)2. NH4HCO3 induced metabolic
alkalosis in the blood plasma, whereas (NHbSOs caused
a slight metabolic acidosis. Experiments with Hepes-
buffered water (5mmollt) under control conditions
demonstrated that increases in gill boundary layer pH
were associated with decreases in botB)2 and Jamm.
Thus, the stimulation ofJ)2 caused by ammonium loading
was not simply a consequence of a Na&oupled H*
extrusion mechanism activated by internal acidosis or by
alkalosis in the gill boundary layer. Indeed, there was no
stimulation of net acidic equivalent excretion
accompanying NHHCO3 infusion. Michaelis—Menten
kinetic analysis by acute variation of water [Nd]
demonstrated that both infusions caused an almost
twofold increase inJNa, but no significant change inKm,
indicative of an increase in transporter number or internal

transporter affinity for external Na*. The increase inJ)2
was larger with (NH4)2SO4 than with NH4HCO3 infusion
and in both cases lower than the increase iRamm.
Additional evidence of quantitative uncoupling was seen
in the kinetics experiments, in which acute changes in
JNa of up to threefold had negligible effects odamm under
either control or ammonium-loaded conditions.In vitro
measurements of branchial N&K*-ATPase activity
demonstrated no effect of NH* concentration over the
concentration range observedin vivo in infused fish.
Overall, these results are consistent with a dominant role
for NH 3 diffusion as the normal mechanism of ammonia
excretion, but indicate that ammonium loading directly
stimulates JN®, perhaps by activation of a non-obligatory
Na*/NH4* exchange rather than by an indirect effect (e.g.
Na*-coupled H* excretion) mediated by altered internal or
external acid—base status.

Key words: Oncorhynchus mykissrainbow trout, ammonia
excretion, N& uptake, gill boundary layer pH, NHdiffusion,
branchial ion exchange, N&K*-ATPase, (NH)>SQ; infusion,
NH4HCOgz infusion.

Introduction

In teleosts, the majority of nitrogenous waste is excrete@otts, 1994), but the linkage between*Niptake and Nk

through the gills as ammonia. In freshwater fish, the excretioefflux, as first proposed by August Krogh (1939) more than

takes place either as NHby non-ionic diffusion or as N#
transport linked in some manner to*Ngtake (for a review,

half a century ago, remains uncertain.

On the one hand, several studies have shown a one-to-one

see Wilkie, 1997). However, it is still not known which, if relationship between ammonia excretion rafasdq) and N&

either, is the dominant pathway (e.g. Kormanik and Cameroipflux rates J)%) under resting physiological conditions in
1981; Cameron and Heisler, 1983; Wright and Wood, 1985reshwater salmonids (Wright and Wood, 1985; McDonald and
McDonald and Prior, 1988; Wilson and Taylor, 1992; WilsonPrior, 1988; McDonald and Milligan, 1988) and in the isolated-
etal., 1994). A direct coupling of Naptake with H excretion  perfused head preparation (Payan, 1978). Also, when ammonia
by either electroneutral NA1* exchange or a primary *H excretion was stimulated by infusion of (WpSQu, the
pump/N& channel system is well established (for a review, seacrease inJamm wWas accompanied by an equivalent increase
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in JN2 (Wilson et al., 1994). This tight coupling betwelmm  NH4HCOs; the latter should not create internal acidosis
and JN® suggests that ammonium excretion occurs byClaiborne and Evans, 1988). Second, we manipulated the rate
Nat/NH4* exchange. of Na" uptake by sequentially increasing the external water
On the other hand, when the elevated rate of faake [Na*] and observed the effects on rates of ammonia excretion
accompanying (NB2SQs infusion was inhibited by over 80% for both infusions. These same experiments furnished a
with amiloride, elevatedamm continued with only a slight Michaelis—Menten analysis of the kinetics of*Ngptake (see
decrement (23 %; Wilson et al., 1994). Indeed, under a variegoss and Wood, 1991), thereby determining whether observed
of conditions, 70-95 % inhibition af\? by amiloride, by low changes inJ\2 in response to Nkt loading were due to
external [N&] or by extreme external pH resulted in only achanges inKm (transporter affinity), inJ\a, (transporter
modest reduction (10-30%) damm (Kirschner et al., 1973; number or the availability of internal counterion) or in both.
Wright and Wood, 1985; Wright et al., 1989; Wilson et al.,Third, we performedéh vitro experiments to determine whether
1994; Wilkie and Wood, 1994). These results suggest th&dH4* activation of gill Na/K*-ATPase activity could explain
ammonia excretion and Naiptake are at best only loosely the stimulation ofJ\2 accompanying Nkt loading since, at
coupled and that non-ionic diffusion of MHnay play an least in the gulf toadfis®psanus betaNHs* was reported to

important role in ammonia excretion. be more potent than *Kin dephosphorylating branchial
The driving force for NH diffusion is thePnH, gradient. A ATPase (Mallery, 1983).
positive correlation has been demonstrated betdgen and Lastly, by buffering the external water with 5mndl|

the PnH, gradient across the gill epithelium (Cameron andHepes, we reduced or eliminated acidification of the gill
Heisler, 1983; Heisler, 1990; Wright et al., 1993). Theboundary layer, thereby ‘clamping’ boundary water pH to bulk
gradient is regulated by the pH on either side of the gillvater pH. Thus, we were able to measure the effects of
membrane, the true external pH being that of the gill boundamelatively small changes in gill boundary layer pH on both
layer. The excretion of both GQforming H and HCQ~  Jamm andJ\2. In particular, we employed this approach to test
under carbonic anhydrase catalysis; Wright et al., 198@he idea that increaseéf}2 accompanying Nkt loading could
Rahim et al., 1988) and*Hwill directly acidify the boundary be explained by a control system that normally regulates gill
layer. The pK of NH3a/NH4* dissociation is approximately boundary layer pH at a constant level by variations if- Na
9.5. When NH diffuses out across the epithelium, the coupled H excretion. If such a system were present, the
availability of protons in the boundary layer water will alkalization of the boundary layer caused either by increased
instantaneously convert NHo NHs* (‘diffusion trapping’;  NH3z efflux in response to Nkt loading or by raising the
Randall and Wright, 1987). An increase in boundary layer pHboundary layer pH with buffer would both be predicted to
would be predicted to decrease tRan, gradient and activate the system, thereby elevatidf and net acidic
therefore to decreas&mm. Experimentally increasing the equivalent efflux.
buffering capacity of inspired (bulk) water nearly eliminated
the pH difference between inspired and expired water (the )
latter thought to be representative of gill boundary layer water; Materials and methods
Wright et al., 1989). At a bulk water pH of 8, this treatment Experimental animals
decreased Jamm by approximately 30%, an effect Rainbow trout @ncorhynchus mykiss (Walbaum);
quantitatively similar to that of amiloride (Wright et al., 1989; 300-500g;N=51] were obtained from Spring Valley Trout
Wilson et al., 1994). Indeed, once boundary layer pH had bedtarm, Petersburg, Ontario, Canada, and held in flowing
clamped by buffering, amiloride no longer had any effect omechlorinated Hamilton tapwater (moderately hard water]fNa
Jamm. Wilson et al. (1994) interpreted these results to indicatd.6 mequivtl, [CIT]=0.8 mequivtl, [Ca&*]=2.0 mequivty,
that the effect of amiloride odlamm was indirect, acting to  [Mg2*]=0.3 mequiv?, [K*]=0.05 mequivtl, titration alkalinity
block Na-coupled H excretion at the gill epithelium and, 2.1mequivfl; pH8.0; hardness 140ndl as CaC@
thereby, the portion of N#ldiffusion associated with this equivalents; temperature 8-18°C). One week prior to
portion of boundary layer acidification. Conversely, theexperiments, animals were transferred to an acclimation tank at
stimulation of N and Jamm by (NH4)2SQu infusion was 15°C, and food was withheld to allow stabilisation of the
interpreted as the result of increased *Maupled H  endogenous fraction of waste nitrogen excretion (Fromm, 1963).
excretion (and therefore of increased diffusion trapping), sincEor the infusion experiments, trout were anaesthetised (0:05g|
this treatment leads to an internal acidosis (Cameron andS-222; Sigma) and fitted with a dorsal aortic cannula filled
Heisler, 1983; McDonald and Prior, 1988), which in itself canwith heparinised Cortland saline (Wolf, 1963; 50i.uml
elevateJ)? and coupled Hexcretion (Tang et al., 1988; Goss sodium heparin; Sigma) as described by Soivio et al. (1972). All
and Wood, 1991). fish, cannulated and uncannulated, were subsequently
In the present study, we critically evaluated the linkagdransferred to individual, darkened, well-aerated acrylic flux
between ammonia excretion and *Naptake in freshwater boxes (McDonald and Rogano, 1986) continuously supplied
rainbow trout in four different ways. First, we separated thavith flowing (0.51mirr?), temperature-controlled (15+0.5°C),
effects of NH* loading from internal acidosis by infusing trout dechlorinated tapwater and allowed to recover for 48 h prior to
for 24 h with either 70 mmott (NH4)2SQu or 140 mmoltl  experiments.
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Infusion and kinetic experiments and water samples were then taken at O min (initial) and 30 min
The experimental protocol for the infusion and kinetic(final) for analysis of [N&e Tamm and24Na" radioactivity.
experiments covered 3 days. Day 1 consisted of a control flukhe boxes were then flushed with the NaCl-free artificial
measurement (60 min period) followed by the control kinetidapwater, and the following flux period was started. The
series of flux measurements (over approximately 5h). Day fushing between each flux period was performed to prevent
consisted of the start of infusion, followed by flux ammonia from building up to toxic levels during infusion. Six
measurements at 2, 4 and 8 h of infusion (30 min periods). Ddlux periods of increasing water [NaCl] (hominally 50, 150,
3 consisted of 24 h infusion flux measurement (30 min periodB00, 600, 1200 and 24@@nolI-1) were tested.
followed by the infusion kinetic series of flux measurements
(again over approximately 5h}amm andJ\& were measured Na'/K*-ATPase activity experiments
during all flux periods, whereas unidirectional fluxes of Na Trout were placed in boxes provided with regular
(INa, JNay were measured only during the control and 24 hdechlorinated tapwater, allowed to settle for 2 days, then killed
infusion periods. Titratable alkalinity fluxes were measuredvith an overdose of MS-222 buffered with NaHE£®he gills
only in the NBHCO:s infusion series, at control and 24h were perfused free of erythrocytes using a modified,
periods. phosphate-free Cortland saline (Perry et al.,, 1984). The
At the start of each flux period, the boxes were closed anéilaments were then excised, frozen in liquig &hd stored at
for the control and 24 h infusion flux period, 0.04 MBgl -70°C.
24Na* (1uCiml1) stock solution was added. After a 10min  Full details of the NdK*-ATPase assay procedure, which
mixing period, water samples (30ml) were taken at Omirollowed the method of Holliday (1985), with protein
(initial) and 30 or 60 min (final) for analysis of water [fla determination by the method of Lowry et al. (1951), are given
([Na*]e), total ammonia concentrationTAmm), titratable by Morgan et al. (1997). The activity of gill NK*-ATPase
alkalinity (Taik) and2“Na* radioactivity. When operated as a was calculated from the difference in the amount of organic
closed system, the volume of each flux box was approximatefghosphate liberated by gill homogenates incubated in two
2500 ml. Between flux periods, the boxes were returned to theedia: a ‘plus K medium’ containing optimal concentrations
flow-through tapwater system. of all ions, therefore measuring the activities of all ATPases
At the end of each flux period, a 4@0blood sample was present, and a ‘minus *Kplus ouabain medium’ which
takenvia the dorsal aortic cannula into a 1 ml heparinizedmeasured the activity of all ATPases except/N&ATPase.
syringe, and this volume was immediately replaced with saliné’he only modification was that [k was set to the normal
In the case of ammonium salt infusions, particular care wasxtracellular (plasma) concentration of 5 mmbkrather than
taken to avoid contaminating the sampled blood with ang0mmolrl) in the ‘plus K medium’, and various
infusate still present in the cannula. concentrations of ammonium were added to evaluate the
The ammonium salt solutions, either 70mmbll potential of NH* to stimulate activity under physiological
(NH2)2SQs or 140 mmoltl NH4HCOz (both adjusted to conditions. N&/K*-ATPase activity was measured in triplicate
pH 7.8), were infused at a nominal rate of 3milkg!viathe at NHs* concentrations of 0, 50, 150 and %000l chosen
dorsal aortic cannula using a peristaltic pump (Gilsonto cover the range of extracellular (plasma) concentrations
Minipuls). This infusion rate was chosen so as to maximize thmeasured in the control and ammonium-loaded trout of the
ammonia load (without exceeding normal plasma osmolalitypresent study. Nkt was added as (NHSQu.
while minimizing the volume load to an amount that fish are
able to excrete by increasing their urine flow rate (see Experiments with Hepes-buffered water
Goss and Wood, 1990b). The measured infusion rate for The experimental protocol for the Hepes-buffered water
(NH4)2SQs was 2.63+0.12mlkgh1 (an NHi* load of experiments was the following: first a control perid)(with
368.8+17.1umolkgth, N=10) and the infusion rate for normal tapwater, then three periods of exposure to Hepes
NH4HCO; was 3.13+0.09mlkgh™ (an NHit load of buffer at different pH values, and finally a control periGg) (
438.6+12.5umolkg1h™1, N=11) (means &.EM.). For the first set of experiments, a sixth flux period, with a high
For the kinetic experiments, the boxes were flushed thregater [K] ([K*]e) of 4.3 mmoltl KCI (but 0 mmol 1 Hepes)
times with artificial tapwater containing zero NaCl but madewvas performed after the second control period as a check on
up to duplicate the [C4], [Mg?21], titratable alkalinity, pH and the possible complicating effects of elevated]gKduring
hardness of dechlorinated Hamilton tapwater (for details oféxposures to Hepes. To ensure that the increase or decrease in
synthesis, see Goss and Wood, 1990a). Exposure to thpsl itself did not affect the results, the fish were divided in two
medium causes no change in transepithelial potential igroups. One group of fish started with a low-pH Hepes period
rainbow trout, in contrast to distilled water (Goss and Woodand the second group of fish with a high-pH Hepes period.
1990a). The boxes were then closed and, to achieve theAt the start of each flux period, the boxes were closed, and
required [Nd]e, a given volume of NaCl was added to thefor the Hepes flux periods a given volume of 100 mmol|
boxes from a common NaCl stock solution (1Lmbll Hepes (Sigma, Hepes free acid, adjusted to the appropriate pH)
containing 0.18 MBgmf (5uCiml=1) 24Na*. After the stock stock solution was added to give a final concentration of
solution had been added, a 10 min mixing period was allowed, mmol I-1. After a 10 min mixing period, 0.04 MBq mi24Na*
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(LuCiml™2) stock solution was added. After a further 10min  Net flux rates of total ammonidamm, pmol kg1h1) were
mixing period, water samples (30 ml) were taken at O (initialcalculated as:

and 60min (final) for analysis of water [Na [K*]e, Tamm, _ .

Tak and 24Na* radioactivity. Between each flux period, the Jamm = (Tamm, = Tamm,f) x V/(t x M), (1)
boxes were returned for 30 min to the flowthrough tapwatewhere i and f refer to initial and final concentratigmel 1-1),
system. These water changeovers caused no appar&his the water volume (1) in the baxis the time elapsed (h)
disturbance to the animals. andM is the fish mass (kg).

For the first set of Hepes experiments, three stock solutions Net Na flux rates §\g pumol kg2 h™1) were calculated using
of Hepes buffer (100 mmot}) were prepared, and the pH an equation analogous to equation 1. Unidirectionalinflux
was adjusted to 6.9, 7.5 and 8.1 with KOH. For the seconchtes ) pumolkg1h2) were calculated as:
set of Hepes experiments, three stock solutions of Hepes _
buffer (100 mmoltl) were made, and the pH was adjusted to I= (R~ R) x VI(SAx tx M), 2)
7.7, 8.1 and 8.5 with NaOH. During the mixing period duringwhere Rj and R; are initial and final radioactivities in water
which Hepes stock solution was added to dechlorinatetttsmirrl1), SA is the mean specific activity
tapwater at a ratio of 1:20, the water pH stabilized at value@ts mirrl pmol-1) over the flux period in question, and other
slightly different from the nominal pH to which the stock symbols are as in equation 1. Unidirectionat" élux rates
buffer solutions had been calibrated. All results are given a@ha, pmolkgLh1) were calculated as:
measured water pH. Titratable alkalinity fluxes were

measured only in the first series, where buffer pH was Bii= - dhe. (3)
adjusted using KOH. Titratable acid flux ratespmolkg1h™) were calculated
from titration alkalinity measurement3fk,i and Takf; and
Analytical techniques reversing the initial and final values to achieve acid instead of

Arterial pH (pHa) and plasma total GQoncentration base flux) in an equation analogous to equation 1. Net acidic
(Cco,) were analysed immediately upon collection. Whole-equivalent flux ratespmolkg2h™) were calculated as the
blood pH was measured using a Radiometer G279/G2 glasam, signs considered, of titratable acid flux rateJareh (for
capillary electrode and K497 calomel reference electroddetails, see McDonald and Wood, 1981). For all fluxes, losses
connected to a Radiometer PHM 71 acid—base analysey. by the animal have a negative sign, gains a positive sign.
was measured on B0 samples of plasma using a total £O  The effect onJ)@ of sequentially increasing [Nk in the
analyser (Corning 965). The plasma was obtained bkinetic experiments showed distinctive saturation kinetics, and
centrifugation (10006, 2min) and the remainder was frozen so transformation of the data to yietgh and JN2, values of
in liquid N2 and stored at70 °C until analysis of plasnfamm,  the Michaelis—Menten equation was performed by
[Na*] and [CF]. PlasmaTamm Was measured enzymatically Eadie—Hofstee regression analysis, as outlined in Goss and
using the GLDH/NAD method (Sigma 170-UV), plasmafNa Wood (1990a).
was measured by atomic absorption spectrophotometry All results are given as meanssi.m. (whereN is the
(Varian AA1275) and plasma [Ql was measured by number of animals). Water [N, [K*]e and pH values are the
coulometric titration (Radiometer CMT10). means of the initial and final water samples. Within an

Water total [Nd]e was determined by atomic absorption infusion, buffer or N&K*-ATPase series in which repeated
spectrophotometry (Varian AA127%Na" radioactivity was measurements were made on the same fish or homogenate, a
counted in duplicate on 5ml water samples in 10ml of AC$aired Student’st-test (two-tailed; P<0.05) was used to
fluor (Amersham) on a liquid scintillation counter (LKB determine the significance of changes, with each animal
Wallac 1217 Rackbeta). TH&Na* values (ctsminl) were  serving as its own control, and with the Bonferroni procedure
automatically corrected for radioactive decay by the prograrfor multiple comparisons (Nemenyi et al.,, 1977). For
of the scintillation counter. Watefamm was measured in comparisons between different infusions or buffer series, a
duplicate using a modified salicylate hypochlorite methodne-way analysis of variance (ANOVA) was performed
(Verdouw et al., 1978). Titratable alkalinityTAk) was followed by the least significant difference (LSD) test. A
determined by titration of 10 ml water samples to a fixed endignificance level oP<0.05 was employed throughout.
point (pH4.0) with 0.02moft HCI, according to methods

detailed in McDonald and Wood (1981). ResLlts
esu

Calculations Responses to ammonium infusion

PlasmaPco, and [HCQ] were calculated from pHa and  Infusion of 70mmoltl (NH4)2SQq led to a threefold
Cco, from the Henderson—Hasselbalch equation usieg, increase in arterial plasmBamm within the first 2h, from
and pK values from Boutilier et al. (1984). approximately 50 to 150moll~l. This elevation persisted

PlasmaPnH, and [NHi*] were calculated from pHa and throughout the 24 h infusion period (Fig. 1A). Arterial plasma
Tamm using the Henderson—Hasselbalch equation wiih, PnH; also increased threefold (Fig. 1A). Arterial pH decreased
and pK values from Cameron and Heisler (1983). slightly, but not significantly (Fig. 1B). However, a small
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differences from the control valud®<0.05) are indicated by an
Fig. 1. (A) Plasma total ammonia concentratidan{m) and PnHs, asterisk. Values are means.eM. (N=6).
(B) blood pH, (C) plasm®co, and [HCQ], and (D) plasma [C]
and [Nd] in the arterial blood during a 24 h infusion of 70 mm¥l|
(NH4)2SQu. Ciis the preinfusion control. Significant differences from gjgnificant increase in pHa (Fig. 3B) and plasma [HG(Fig.
the control value R<0.05) are indicated by an asterisk. Values are3c). By 24 h, partial compensation had occurred such that the
means isem. (N=7-12). 1 mmHg=0.133kPa. acid—base changes were no longer significant. There were no
significant changes in plasma Nar CI- concentrations
(Fig. 3D).
significant decrease in plasma [HED persisted for 24h The infusion of NHHCOs increasedlamm (Fig. 4A). The
(Fig. 1C), indicating a small metabolic acidosis. There were npattern was the same as with (Nt$Qs infusion, although the
significant changes in plasma [Nand [CI] (Fig. 1D). increase iNlamm (495umolkg1h1) was slightly higher, 3.3-

As expected, the (NHSQu infusion increased the rate of fold, reflecting the slightly higher rate of NMH loading
ammonia excretiondgmm; Fig. 2A). The fish reached the new (439umolkg1h™). In contrast to the (NP2SQy infusion,
steady-state rate, which was approximately 2.9 times highéf? increased only 1.7-fold, or approximately 30% of the
than the control rate, within the first 2h of the infusion, andncrease inlamm (Fig. 4B). & was again positive throughout
this rate was maintained throughout the infusion period. Thithe infusion period (Fig. 4B), but there was no change in
elevation ofJamm was accompanied by a 2.7-fold increase inJ\a. Titratable acid flux rates increased from +46.1
the rate of Nauptake §\?) measured at 24 h of infusion. The +55.7umolkgth™1 (control) to +510.5+54.Bmolkgh!
absolute increase idamm (469umolkg=1h-1) was actually (infusion, N=9, P<0.05), approximately equal to the increase
higher than the rate of Nfiloading (36umolkg1h™1), while  in Jamm, but there was no change in the net acidic equivalent
the absolute increase 2 (337umolkg™h™) was flux between the control and 24h infusion flux periods
approximately 70% of the absolute increaséaim. Net N&  (—223.1+63.Qumolkgth™ and -234.1+26.9umolkg1h1
flux (N8 was positive (indicating uptake) throughout therespectivelyN=9).
infusion period, even thougld increased significantly at 24 h
(Fig. 2B). Na* uptake kinetics: responses to increasing watet Na

Infusion of 140 mmoH! NH4HCO;s also increased arterial concentrations
plasmaTlamm by threefold within the first 2 h, and consequently Under control conditions, sequential increases in water
plasmaPnH, again increased threefold (Fig. 3A). The infusion[Na*]e from 50 to 240@moll~1 (nominal concentration)
led to a significant metabolic alkalosis by 4h reflected in @aused a progressive threefold increas#\frin a pattern that
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C 2 4 8 24 efflux (&) rates gmolkgth™) during a 24h infusion of
Time (h) 140 mmoltl NH4HCGOs. C is the preinfusion control. Significant

differences from the control valud®<0.05) are indicated by an
Fig. 3. (A) Plasma total ammonia concentratian{m) and Pnw,,  asterisk. Values are means.gm. (N=11).
(B) blood pH, (C) plasm®co, and [HCQ], and (D) plasma [C]
and [N4] in the arterial blood during a 24 h infusion of 140 mmbl |
NH4HCGQGs. Cis the preinfusion control. Significant differences from \yere only minor changes ilamm over the kinetic protocol.
the control valueR<0.05) are indicated by an asterisk. Values are\jith the (NHy)2SQy infusion, Jamm at the two lowest levels of
means sem. (N=7-11). 1mmHg=0.133 kPa. [Na*]e (50 and 15@moll-%) was approximately 10% lower
than at higher [Nge (Fig. 5B). With the NHHCOs infusion,
the same trend was apparent but not statistically significant
exhibited typical Michaelis—Menten saturation kinetics(Fig. 6B).
(Figs 5A, 6A). Infusion of either (NE>SOQs (Fig. 5A) or
NH4HCO;3 (Fig. 6A) for 24 h resulted in significant increases Influence of ammonium on NK*-ATPase activity
in JN2 at virtually all concentrations of [Nk. In both cases, In the presence of the normal extracelluldrddncentration
Eadie-Hofstee analysis revealed that the maximal rate ‘of N& mmol 1), a change in Nkt concentration from nominally
uptake (N3,) increased significantly by approximately 1.75-

fold relative to control values (Table 1). Thﬂ%x of Table 1.Mean estimates d¢m and J¥axobtained by one-
(NH2)2SQ; infusion was slightly greater than thiax of substrate Michaelis—Menten analysis for the Nransport
NH;HCO; infusion, but the difference was not significant system during control conditions and after 24 h of infusion of

(Table 1).Km tended to decrease with (MHSQy infusion and 70 mmol I (NH4)2SQ; or 140 mmoltl NHsHCOs
to increase with NEHCOs infusion, but again the changes

were not significant (Table 1). Nevertheless, the compoun Km o Jhl‘%xl 1
effect of these small differences i and JN3, between the Treatment N (hmol ™) (umolkg=h™)
two treatments quantitatively accounted for the much smalle(NH4)2SQuw  Control 10 111.6+24.0 378.3£71.3
JNa elevation at ambient water [Na observed with Infusion 10 67.5£10.4  661.5+78.5*
NH4HCQOs infusion (Fig. 4B) relative to (NB2SQs infusion  NH4HCO;  Control 11 92.7+21.3 351.7+75.1
(Fig. 2B). Infusion 11 107.4+75.1 612.9+95.6*
Under control conditions, the threefold variation J?
accompanying the acute elevation of fNan the kinetic Values are meansse.m.

protocol had little effect odamm (Figs 5B, 6B). Infusion of Significant differences from respective control values are indicated
either ammonium salt greatly elevatéghm, but again there Py an asterisk.
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Fig. 5. (A) N& influx rates ¢ix¥) and (B) total ammonia excretion g 6. (A) Na influx rates g% and (B) total ammonia excretion
rates Jamm) as a function of water [Ngunder control conditions a5 g, 3 as a function of water [N&during control conditions
(O) and after 24h of infusion of 70mmoti(NH4)2SQ: (®). The (o) ang after a 24h infusion of 140 mmdhINHHCO3 (®). The
curves in A were dravmn by Michaelis-Menten analysis from meai;;res in A were drawn by Michaelis—Menten analysis from mean
estimates ofKm and Jma, Obtained by Eadie-Hofstee regression ggtimates ofky and JN3, obtained by Eadie-Hofstee regression
analysis for all individual fish in the group. Significant differences,naysis for all individual fish in the group. Significant differences
(P<0.05) between control and infusion values are indicated by a(P<0.05) between control and infusion values are indicated by an

asterisk, and significant differences between successive means witlygierisk and significant differences between successive means within
an infusion group (in B only) are indicated by +. Values are means 5 infysion group (in B only) are indicated by t. Values are means +

sEM. (N=10). sEM. (N=11).

Table 2Water [Na]e, [K*]e, and pH in the two sets of

zero to 50@mol I~ had no significant effect on branchial . )
Hepes-buffering experiments

Na'/K*-ATPase activity measureth vitro (Fig. 7). These

NH4* levels bracketed the values T{mm observedn vivoin [Na]e [K*]e
arterial blood plasma during the infusion experiments (cfTreatment N (umol I7%) (kmol I7) pH
Figs 1A, 3A). KOH
Control 12 510.5¢5.4 42.8+0.4 8.23+0.02
Influence of boundary layer buffering pH 6.9 12 511.845.0  867.0+20.7  7.41+0.02
In the experiments with Hepes-buffered water, manipulatiol pH7.5 12 514.2+4.4  1989.0+16.1  7.65+0.02
of the pH of the 5mmoft Hepes solution necessitated PH8.1 12 517.845.7  3281.0+28.1  8.03+0.02

substantial addition of base. In the first set of experiment: High[K'] 12 529.4+4.4  4301.0+58.0  8.26+0.02
KOH was used to adjust the pH of the buffer system, becauNaOH

we wanted to avoid changes in fiathat would probably Control 6 508.8+7.2 8.09+0.02
changel)? (e.g. Figs 5A, 6A) just by a concentration effect. pH7.7 6  3024.0+25.6 7.75+0.01
To control for the possibly disturbing effects of*]K a flux pH8.1 6  3804.0+37.9 7.98+0.02
test with 4.3 mmoH! KCI was carried out, slightly above the ~ PH8.5 6 4368.0£25.9 8.17+0.01

highest level actually measured in the exposure water durir
the buffer experiments (Table 2). The high*JKhad no
effects on Jamm [111.6+15.5umolkglh (Ci1) versus
97.6+13.Jumolkgtht (KCI), N=12]. However, J¥& 73.7+26.umolkg1h1 (KCIl), N=12,P<0.05]. Therefore, the
decreased significantly [124.9+23wholkg1h (C1) versus second set of experiments was carried out with Hepes solutions

Values are meansse.m.
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‘© o0 - 15% on the basis of the control relationships in Figs 5A and
jo))
g 6A and Table 1.
o The measured pH values in the water achieved and the
£ 401 nominal buffer pH values are reported in Table 2. At a gill
boundary layer pH above 7.7amm decreased in both
experimental series (Fig. 8A). Since contighm values were

1
7.3 7.6 7.9 8.2 different between the two sets of experiments,Jifigm flux
Water pH results were normalized as percentage changes from control
Fig. 8. (A) Total ammonia excretion ratedagm) and (B) the values. This analysis revealed a linear correlation betV\_/een gill
.y bofundary layer pH and the percentage decreaséarim

percentage decrease in total ammonia excretion rates as a function g _ —
water pH in Hepes-buffered water; pH was adjusted with Na@H ( Ef_lgfglo (;),/:_)Q;Amm‘ (41.7£9.5)pH+(312.1%73.9) r£-0.52,

and with KOH (). C; and Cy are the initial and final control flux o
periods in tapwater, pH8.1-8.2. Significant differences froncthe [N contrast to th_eF\I]Amm results, there was initially a
value P<0.05) are indicated by an asterisk. Values are means significant increase i, relative toCy at each of the lowest

sEM. (N=6 for NaOH,N=12 for KOH).H, value from Wright et al.  gill boundary layer pH values in both series (Fig. 9A).
(1989); A, value from Wilson et al. (1994). See text for details of theThereafter, as boundary layer pH increas#{f decreased
regression in B. back to control levels or below. However, the contifif
values were again different between the two sets of
experiments; the first set was complicated by the potential 40 %
adjusted with NaOH. The measured increase inf]jNa this  decrease i@\ caused by [K]e alone, and the second set by
series (Table 2) would have stimulat@}f by approximately the potential 15% increase caused by*[dalone. Therefore,
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in Jamm cannot be explained solely as a consequence of an
extracellular acidosis causing increased*-Seupled H
excretion (e.g. by an HATPase/N4& channel system or a
Naf/H* antiporter) at the gill epithelium.

Intracellular acid—base status in the gill epithelium was not
measured, but it is highly unlikely that the observed responses
are a consequence of intracellular acidosis. Exposure of cells
to ammonium salts is the basis of the well-known ‘ammonium
prepulse’ technique for studying intracellular pH regulation
¥ (Roos and Boron, 1981; Part and Wood, 1996). Because NH
|-T-| diffuses into cells faster than NH or H*, intracellular
Iﬁ u I_rl alkalization rather than acidification of the gill cells would be

Ll
G

Tacid

Net H* flux
(umol kgt hl)  (umol kgt hl)  (umol kgt h'l)

500+

N |—
Nl

300+

100 +

predicted in response to continuous infusion of either
, , , , , (NH4)2SQs or NHsHCOs.

74 77 80 G, We therefore evaluated an alternative explanation — that the
Water pH stimulation of JN2 by ammonium loading was due to a

disturbance of acid-base status in the gill boundary layer

Fig. 10. Titratable acid fluxTiacid), net acid equivalent flux (shaded \yater. Increased N&flux across the gill, occurring in response
columns) and total ammonia excretialagm) rates imolkg1h1) t

as a function of water pH in Hepes-buffered water; pH was adjuste(? infusion of either ammonium salt, would be predicted to
with KOH. Significant differences of bothacia and net H fluxes alkalize the gill boundary layer. A Raoupled H extrusion

(P<0.05) fromC; value are indicated by an asterisk and from themgchaﬂlsm p'resent at th? apical membrane of the branchial
lowest pH (7.4) group by t. Values are mease. (N=12). epithelium might be designed to regulate the pH of .the
boundary layer so as to maintain the diffusion-trapping
mechanism for Nklexcretion. Alkalization of this layer might
therefore stimulate)}2. However, the results of the buffer
the results were normalized as a percentage change from tweperiments argue against this explanation. Experimentally
control values with these correction factors applied. Theaising the pH of the boundary layer by the use of Hepes-
analysis revealed a linear correlation between gill boundaryuffered water resulted in inhibition, rather than stimulation,
layer pH and the percentage change J (Fig. 9B):  of J\@ (Fig. 9). This finding is in accord with earlier work
%JNe=-(230.2+43.7)pH+(1836.4+340.8) r50.59, N=54, showing that alkalization of the bulk water, albeit to more
P<0.05). extreme levels, similarly inhibited}® (Wright and Wood,
The titratable acid flux rates were measured only in the first985; Wilkie and Wood, 1994).
(KOH) series. The results demonstrated a strong dependencyThe titratable acidity flux measurements in the buffer
of titratable acid flux on boundary layer pH, much greater thaexperiments indicate that net acidic equivalent flux across the
could be explained by the much smaller changeladam  branchial epithelium is extremely sensitive to boundary layer
(Fig. 10). The net acidic equivalent flux was very positive (i.epH (Fig. 10). However, inasmuch as the net uptake of acid
net H uptake) at lower pH values and decreased greatly afecreased at higher pH as *Naptake decreased, the
boundary layer pH was raised from 7.41 to 8.03. mechanism of this flux is unclear, as is the mechanism by
which elevation of boundary later pH inhibil§2. A priori,
one might predict that Naiptake mechanisms coupled té H
Discussion excretion mechanisms might run faster at a higher boundary
(NH4)2SOQs and NHHCOs infusion produced qualitatively layer pH, as the proton gradient from gill cell to water becomes
similar branchial flux responses (increas#{f, increased more favourable. Clearly, this did not occur.
Jamm), but opposite effects on plasma acid—base status. SinceJamm fell as boundary layer pH increased (Fig. 8), the
Whereas (NH)2SQs loading produced a small metabolic results of these Hepes experiments are in accord with those of
acidosis, in accord with previous observations in fish (Camerdwright et al. (1989, 1993) and Wilson et al. (1994) and
and Heisler, 1983; McDonald and Prior, 1988; Milligan et al.reinforce the importance of simple NHliffusion as the
1991; Wilson et al., 1994), NHICOs loading caused dominant mechanism of ammonia excretion, at least under
metabolic alkalosis, again in accord with previous report®ion-ammonium-loaded conditions. There was a close
(Hillaby and Randall, 1979; Claiborne and Evans, 1988). Theorrelation between the increase in boundary layer pH and the
alkalosis must reflect the fact that at least a portion of thmhibition of Jamm. By interpolation to the buffer pH at which
ammonia load from an NHICOs infusion is excreted as ‘control’ rates of Jamm occurred (Fig. 8B), the normal
NH4*. Excretion of NH alone leaves behind*tand HCQ, boundary layer pH would appear to be approximately 7.5 at a
forming CQ, and is therefore neutral in terms of its effect onbulk (inspired) water pH of 8.1-8.2. Somewhat higher values
the acid—base status. In any event, these results provide cléar boundary layer pH (7.9—-8.0) are estimated if interpolation
evidence that the stimulation @{2 accompanying an increase is made to the buffer pH at which® (Fig. 9B) or net acidic

-100

- T *

Jamm
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equivalent flux (Fig. 10) were at control levels. The pH valuesmmonium salt od)2 could be the action of increased internal
are in broad agreement with those of Wilson et al. (1994), whdH4* levels in driving N&/NH4* exchange. However, several
state that an acidification of the boundary layer by 0.4 pH unitpieces of evidence in the present study, as well as in the
(from say pH8.1 to pH7.7) in Hamilton tapwater would beliterature, argue against this conclusion, at least in terms of an
sufficient for net excretion of ammonia by hl#iffusion. Both  obligatory N&/NH4* mechanism. First, there were clear
our estimates indicate a lesser relative acidification of giljuantitative discrepancies between the stimulatio#\dfand
water than previous studies in which expired water pH hathe stimulation of Jamm. With (NH)2SQy infusion, the
been measured (Playle and Wood, 1989; Lin and Randalhcrease inJ\® was approximately 70% of the increase in
1990). However, these earlier studies were performed in poorBamm, whereas with NEHCOsz infusion, it was only
buffered soft water, whereas Hamilton tapwater is quite welhpproximately 30% of the increase Janm. Interestingly, in
buffered (titration alkalinity 2.1 mequivy). both cases, the increasesJiinm were approximately 25 %

As yet another test of the general hypothesis that increaséijher than the rate of N# loading, perhaps reflecting
N was in some way linked to a stimulation of*Naupled increased endogenous ammonia production in response to
H* excretion at the gills, we measured net acidic equivalergxperimental disturbance. Second, whihwas increased by
flux in the NHiHCOs-loaded fish. Obviously, increased net up to threefold by acutely altering water [ijein the kinetics
acid excretion into the water would be expected in the acidotiexperiments, negligible changes occurredaiim under either
(NH4)2SQs-infused trout, and indeed has been seen in othéhe ammonium-loading treatment or the control condition. This
(NH4)2SQs loading studies (McDonald and Prior, 1988; finding is in accord with previous kinetic uptake experiments
Claiborne and Evans, 1988) and an HCI loading study (Gogserformed only under non-ammonium-loaded conditions
and Wood, 1991). In the latter, bathmm and J\? increased (Goss and Wood, 1990a,b, 1991). Lastly, previous studies
markedly in concert with increased net acid excretionwhich have used amiloride, extreme water pH or low'[ha
However,a priori, an increase in net acid excretion would notstrongly inhibitJ}® have shown at most only small effects on
be expected in the NHICOz-loaded fish, unless a specifi¢ H Jamm (see Introduction). Clearly, if ammonium loading does
excretion mechanism were activated by thesNidad. The  stimulateJ)2 by direct Nd/NH4* exchange, the effect can be
results revealed no significant change in net acidic equivaleesily uncoupled, and enhancdghm can continue in the
excretion in these fish, again opposing the hypothesis bf Naabsence of)\2, presumably by NEidiffusion.
coupled H excretion. Traditionally, supporters of apical N&IH4* exchange in

Taken together, these results therefore suggest that thee gills of freshwater fish have interpreted this phenomenon
stimulation ofJ)2 accompanying infusions of ammonium saltas a substitution of N& for H* in a Na/H* exchange
is a direct response to NHr NHs* rather than an indirect mechanism (Maetz, 1972, 1973; Payan, 1978; Wright and
response mediated through internal or external acid—bas®¥ood, 1985; McDonald and Prior, 1988). Part and Wood
status. One possible explanation for this would be a stimulatiofi996) recently characterized a*td* antiporter responsible
of Na'/K*-ATPase activity by elevated extracellular NH for the housekeeping of intracellular pH in freshwater trout gill
levels acting at the Ksite on the enzyme, because Mallerycells, but interpreted it as a phenomenon that is normally
(1983) reported that Ndi was, in fact, more effective at this located on the basolateral membrane, as in other cells, rather
site than K itself. This basolaterally situated enzyme isthan on the apical membrane. Indeed, recent theoretical
thought to provide the major source of energy driving Naanalyses (Avella and Bornacin, 1989; Potts, 1994; Lin and
influx, although not necessarily the only source (Lin andRandall, 1995; Kirschner, 1997) have favoured th& H
Randall, 1995). However, when tested at normal extracellulakTPase/N& channel system which is now known to be present
[K*] across a range of Nf concentrations spanning the in the gills of freshwater fish (Laurent et al., 1994; Lin and
values measurdd vivoduring infusion of the ammonium salts Randall, 1995; Sullivan et al., 1995, 1996) as the ke¥ Na
(up to 50Qumol 1Y), [NH4*] had no significant effect on trout uptake mechanism on the apical membrane. These same
gill Na*/K*-ATPase activityin vitro. These results appear to analyses have cast doubt on whether dire¢fHfaexchange
be distinctly different from those of Mallery (1983) for the gulf could even occur at the apical membrane because of the low
toadfishOpsanus betan which NH* was extremely effective values of [N&]ein most fresh waters and the traditionally low
in this range, with &m of 100pmol 11 at normal extracellular affinity (high Km) of the antiporter for Na Thus, if true
K* levels. Na*/NH4* exchange does occur at the apical membrane, it is

A direct Na/NH4* exchange pathway has long beenprobably a specific mechanism and n@ substitution at a
proposed to have a major role in ammonia excretion (Krogi\a*/H* antiporter. However, a N&IH4" exchange (or
1939; Maetz and Garcia-Romeu, 1964; Maetz, 1972, 1973ja"/H*,NH4*-ATPase) situated on the basolateral membrane,
Payan, 1978; Wright and Wood, 1985; McDonald and Prioras first proposed by Balm et al. (1988), could be the alternative
1988; McDonald and Milligan, 1988), although more recentanswer and does not argue against &fHPase/Na channel
studies have challenged its very existence (Cameron arsgstem located on the apical side.

Heisler, 1983; Heisler, 1990; Wright et al., 1993; Wilson et al., While several studies have earlier demonstrated that
1994). If such a mechanism does actually exist, then th@H4)2SQu (or NH4Cl) loading stimulatesl)2 in freshwater
explanation for the stimulatory effect of the infusions offish (Maetz and Garcia-Romeu, 1964; McDonald and Prior,
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1988; Wilson et al., 1994), the present investigation is the firgtominant role for NH diffusion as the mechanism of
to show the same qualitative effect with MHCOs infusion.  branchial ammonia excretion in freshwater rainbow trout.
It is also the first to examine the effect of either salt on th&levertheless, they demonstrate that ammonium loading
kinetics of N& influx. The smaller stimulation o082 by  stimulatesI)2 and that the effect is not solely a consequence
NH4HCOsz than by (NH)2SQs infusion was probably a of changes in internal acid—base status, or acid—base status in
reflection of the metabolic alkalosis caused by the bicarbonatbe external boundary layer water, which might activate a
salt. Goss and Wood (1990b, 1991) demonstrated that tia*-coupled H excretion mechanism at the gill epithelium.
internal alkalosis caused by NaHgi@fusion inhibitedlN2by  Furthermore, the effect is not due to Nktimulation of
increasing th&km (decreasing the affinity) and increasing theNa*/K*-ATPase activity. Rather, it appears that the
JNa_ of the uptake mechanism. The tendencies, although nostimulation of N& uptake isvia a direct action of increased
significant, for both a greatd¢m and a smaller increase in internal NH or NHs* levels which increase thénax of the
Na_ with NH4HCOgz infusion [relative to (NH)2SQu loading]  Na* transport mechanisms. The elevation &mm is
therefore explain the smaller overall stimulatiod}ifin these  quantitatively different from the the elevation & and is
fish. uncoupled from it whed)?2 is acutely altered by changes in
Nevertheless, the overriding effect for both ammonium salfNa*]e. Activation of a non-obligatory basolateral ™&dH4*
infusions was an increase Jji2 due to an almost doubling of exchange mechanism by ammonium salt infusion is a possible
JNa  This effect is very similar to that seen previously inexplanation, with the uncoupled portiondafnm occurring by
freshwater trout loaded directly withtHy HCl infusion (Goss  NH3 diffusion. In this regard, the proposal of Balm et al.
and Wood, 1991) and is opposite to that seen in trout infus€d988) that a plasma-membrane-boundsNEbictivated N&-
with NaHCGQ; (i.e. decreased\3, Goss and Wood, 1990b, ATPase occurs in the gills of freshwater fish, different from
1991). Traditionally, an increase Jnax has been interpreted the traditional N&K*-ATPase studied in the present
as an increase in the number of available transport sites, bavestigation, certainly deserves further consideration,
more recent ‘two-substrate’ analyses have demonstrated thatgpecially in the light of previous reports that a*Na
can also result from an increase in the availability of internallependent, Kindependent ATPase exists in the gills of
substrate (‘counterions’) for coupled exchangers (Wood anfiteshwater trout (Pfeiler and Kirschner, 1972; Pfeiler, 1978).
Goss, 1990; Goss and Wood, 1991; Potts, 1994). Goss et al.
(1992, 1994b) concluded that both phenomena were important This study was supported by an NSERC International PDF
in the case of HC® loading, for increased; by CF/HCOs™  to A.S. and NSERC Research Grants to C.M.W.
exchange through gill chloride cells was partially explained by
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