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Summary
We have investigated the effects of acute in vitro hypoxia on trout (Oncorhynchus

mykiss) erythrocytes in order to elucidate the mechanism(s) by which increased
catecholamine responsiveness of the Na+/H+ antiporter is achieved. Blood was
withdrawn from cannulated trout and maintained in vitro under normoxic
(PO∑=17.9±0.2kPa, N=12) or hypoxic (PO∑=2.8±0.1kPa, N=12) conditions for 30min
prior to exposure to concentrations of noradrenaline, forskolin or 8-bromo-cyclic AMP
ranging from 0 to 1026 mol l21, 1027 to 1025 mol l21 or 1024 to 1022 mol l21,
respectively. Na+/H+ exchange activity was quantified as the maximal reduction in
whole-blood pH (pHe) after addition of the various Na+/H+ antiporter activators.
Erythrocyte intracellular cyclic AMP contents were also determined after addition of
noradrenaline or forskolin. To complete the investigation, radioreceptor binding assays
were conducted on separate blood samples to characterize the numbers and affinities of
the surface population of b-adrenoceptors of erythrocytes maintained under normoxic or
hypoxic conditions.

Exposure of erythrocytes to noradrenaline, forskolin or 8-bromo-cyclic AMP resulted
in dose-dependent reductions in pHe as a result of Na+/H+ antiporter activation. In all
cases, the effects were significantly more pronounced under hypoxic than normoxic
conditions. Hypoxia significantly increased the production of cyclic AMP in the presence
of noradrenaline but did not affect the forskolin-induced production of cyclic AMP.
Blood oxygen status also affected the number of b-adrenoceptors expressed at the
erythrocyte surface; hypoxic erythrocytes possessed 880.7±28.6 (N=6) receptors per cell
whereas normoxic erythrocytes possessed 532.6±43.2 (N=6) receptors per cell.

These results suggest that in vitro exposure of trout erythrocytes to hypoxic conditions
results in at least two significant alterations in the catecholamine signal transduction
system: (1) an enhancement in erythrocyte cyclic AMP production, in part by virtue of an
increase in the number of surface b-adrenoceptors, and (2) a hypoxia-induced increase in



the cyclic AMP sensitivity of one or more of the steps culminating in Na+/H+ antiporter
activation. These events ultimately increase the responsiveness of the erythrocyte Na+/H+

antiporter to catecholamines during hypoxia.

Introduction

Exposure of trout erythrocytes to exogenous catecholamines in vitro (Baroin et al.
1984; Cossins and Richardson, 1985; Borgese et al. 1986; Reid and Perry, 1991; see also
review by Nikinmaa and Tufts, 1989) or endogenous catecholamines in vivo (Fievet et al.
1987) activates a membrane-associated Na+/H+ antiporter, thereby causing H+ extrusion,
Na+ (and Cl2) accumulation (Baroin et al. 1984; Cossins and Richardson, 1985; for
recent reviews, see Nikinmaa and Tufts, 1989; Fievet and Motais, 1991) and consequent
cell swelling (for a recent review, see Motais and Garcia-Romeu, 1987) and alkalization
(Nikinmaa, 1983; Tetens et al. 1988; Claireaux et al. 1988; for a recent review, see Perry
and Wood, 1989). These responses are thought to enhance blood oxygen transport during
periods of increased O2 demand (for recent reviews, see Thomas and Perry, 1992;
Randall and Perry, 1992). Both the cell swelling-associated and metabolically mediated
reductions of intracellular nucleoside triphosphate (NTP) concentrations (Tetens and
Lykkeboe, 1981; Ferguson and Boutilier, 1989) and the intracellular alkalization can
increase haemoglobin oxygen-binding affinity (Nikinmaa, 1983; Tetens and Christensen,
1987).

Hypoxia is a strong stimulus for catecholamine mobilization in teleost fish (Fievet et al.
1987, 1990; Tetens and Christensen, 1987; Boutilier et al. 1988; Ristori and Laurent,
1989; Perry et al. 1991). Additionally, it has been demonstrated that the responsiveness of
erythrocytes to catecholamines is affected by blood oxygen partial pressure (Motais et al.
1987; Nikinmaa et al. 1987; Salama and Nikinmaa, 1988, 1990; Reid and Perry, 1991).
Both catecholamine-stimulated erythrocyte swelling (carp: Salama and Nikinmaa, 1990)
and Na+/H+ antiporter proton extrusion activity (trout: Motais et al. 1987; Reid and Perry,
1991) are significantly enhanced following in vitro reductions in blood oxygen tension
(PO∑).

The catecholamine signal transduction pathway in trout erythrocytes appears to utilize
a typical b-adrenoceptor–adenylate cyclase system, which, when activated, results in
increased intracellular concentrations of cyclic AMP. The ultimate result of cyclic AMP
accumulation is the activation of the Na+/H+ antiporter. Clearly, such a system provides
multiple sites for the expression of the oxygen sensitivity of erythrocyte catecholamine
responsiveness. Marttila and Nikinmaa (1988) showed that acute hypoxia results in the
appearance of high-affinity surface b-adrenoceptors in carp (Cyprinus carpio Linnaeus)
erythrocytes, while in trout, hypoxia stimulates the redistribution of erythrocyte b-
adrenoceptors (Reid and Perry, 1991), which results in a significant increase in surface
receptor numbers. Erythrocyte cyclic AMP content and production also appear to be
influenced by blood oxygen tension in these fish (carp: Salama and Nikinmaa, 1990;
trout: Reid and Perry, 1991), although the generality of this response is in question
(Motais et al. 1987). However, the mechanism(s) underlying the enhancement of
erythrocyte cyclic AMP production and Na+/H+ antiporter activity during hypoxia have
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not yet been elucidated. The goal of this study was to identify modifications in the
catecholamine signal transduction system of trout erythrocytes resulting from exposure
of cells to acute hypoxia in vitro. Specifically, experiments were designed to: (1) confirm
hypoxia-sensitive alterations in trout erythrocyte surface b-adrenoceptor numbers,
(2) determine the basis for previously observed increases in intracellular cyclic AMP
content, and (3) identify possible oxygen-sensitive alterations in Na+/H+ antiporter
responsiveness to endogenous and exogenous cyclic AMP.

Materials and methods

Experimental animals

Rainbow trout [Oncorhynchus mykiss (Walbaum)] of either sex weighing between 189
and 293g were obtained from Linwood Acres Trout Farm (Campbellcroft, Ontario) and
transported to the University of Ottawa. Fish were held in large fibreglass tanks supplied
with flowing, aerated and dechlorinated City of Ottawa tap water [see Perry et al. (1988)
for water ionic composition]. Fish were acclimated to these conditions for at least 4 weeks
prior to experimentation at water temperatures which varied between 11 and 13 ˚C.
Photoperiod was kept constant at 12h light:12h dark. Fish were fed daily with
commercial trout pellets (Martins Feed Mill Ltd) and tanks were syphoned after feeding
to prevent the build-up of organic material. All experiments reported in this study were
undertaken in May.

Blood collection and preparation

Fish were anaesthetized in a 1:10000 (w/v) solution of ethyl m-aminobenzoate (MS-
222, Sigma) adjusted to pH7.5 with sodium bicarbonate. Fish were then placed onto an
operating table that permitted continuous retrograde irrigation of the gills with either the
anaesthetic solution or fresh water. Dorsal aortic cannulae were implanted following
standard techniques (Soivio et al. 1975) using flexible polyethylene tubing (Clay-Adams
PE-50, i.d. 0.580mm, o.d. 0.965mm).

After surgery, fish were placed in black Perspex boxes (volume 3l) supplied with
continuously flowing, dechlorinated and aerated water. Fish were allowed at least 48h to
recover from surgery before experiments commenced. Dorsal aortic cannulae were
flushed at least once daily with 0.2–0.3ml of heparinized (10i.u.ml21 ammonium
heparin) Cortland saline (Wolf, 1963).

Blood was withdrawn from the dorsal aortic cannula and placed within heparinized
(100i.u.ml21 blood, as ammonium heparin) round-bottomed tonometer flasks. Typically,
2 ml of blood was removed per fish and the blood of several animals (2–3) was pooled to
provide an adequate volume for a single (i.e. N=1) experiment. Flasks of blood were
collected, gassed briefly with O2, placed on ice 12h prior to experimentation, and slowly
agitated until required. Preliminary experiments were conducted to ensure that this
procedure did not result in any modification of the responsiveness of the blood to
noradrenaline as trout erythrocytes are typically unresponsive to catecholamines
immediately following sampling by either dorsal aortic cannula or caudal puncture, with
full catecholamine responsiveness becoming established 2–4h after sampling. The pools
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of blood were handled, maintained and gassed in an identical manner, irrespective of the
particular component of the study being completed.

Experimental protocol

Responsiveness to noradrenaline

The standard protocol consisted of measuring the change in whole-blood pH (pHe) in
round-bottomed tonometer flasks containing 400 ml of blood after the addition (20 ml) of
noradrenaline (L-noradrenaline, bitartrate salt dissolved in saline) to yield final nominal
concentrations ranging from 10 to 1000nmol l21. The rationale for measuring
catecholamine-induced alterations in pHe is that they directly reflect changes in trout
erythrocyte Na+/H+ antiporter activity (e.g. Thomas and Perry, 1992). The blood was
maintained at 12 ˚C in a shaking water bath and gassed continuously for 30min with a
humidified gas mixture (normoxia: 20% O2, 79.8% N2, 0.2% CO2; hypoxia: 2% O2,
97.8% N2, 0.2% CO2) supplied by a gas-mixing pump (Wösthoff, model M301-A/F).
pHe was measured on five consecutively drawn 10 ml samples immediately before
additions of noradrenaline and 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 20 and 30min
thereafter. Additional blood samples (200 ml) were removed prior to and 5min after
addition of noradrenaline to determine erythrocyte cyclic AMP concentration and PO∑
(pre-noradrenaline sample only).

Characterization of erythrocyte b-adrenoceptors

The characterization of the erythrocyte b-adrenoceptors was accomplished on intact
erythrocyte suspensions using the b-antagonist (±)-4-(3-t-butylamino-2-hydroxy-
propoxy)-[5,7-3H]benzimidazol-2-one ([3H]-CGP 12177; CGP, specific activity
1.26–1.70TBqmmol21; New England Nuclear) as described by Reid et al. (1991).
Briefly, samples of the erythrocyte suspension were contained in round-bottomed
tonometer flasks placed in a 12 ˚C shaking water bath and gassed under the appropriate
conditions for 30min prior to initiating b-adrenoceptor characterization. Radioligand
binding was initiated by the addition of 40 ml of this erythrocyte suspension to 100 ml of
Cortland saline into which the radioligand CGP at a range of concentrations
(5–40nmol l21) had been added with either 200 mmol l21 of the b-agonist (2)-iso-
proterenol (Sigma) or alone. The number of erythrocytes added to each incubation was
determined by cell counting using a haemocytometer (American Optical). All binding
assays were completed at room temperature (19 ˚C).

Incubations were terminated following a 60min radioligand incubation by transferring
the erythrocytes to borosilicate filters (no. 32, Mandel Scientific) using a cell membrane
harvester (Brandel 24R) with subsequent repeated washings (four times) with 5ml of ice-
cold 0.9% NaCl. The filters were placed into glass liquid scintillation vials containing
8 ml of fluor (ACS II, Amersham) and allowed to settle for at least 24h. Sample
radioactivity was then determined using a Canberra Packard (2500 TR) liquid
scintillation counter, with all counts corrected for quenching using an external standard
technique.

The maximal number of isoproterenol-displaceable binding sites (Bmax, in
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disintsmin21 cell21) and the apparent dissociation constants (KD) were determined using
Scatchard plot analysis (Scatchard, 1949). Receptor density (Bmax) was converted to, and
expressed on, a receptor per erythrocyte basis by multiplying the maximal number of
specific receptor sites (disintsmin21 cell21) by the radioligand specific activity and
Avogadro’s number. The specific erythrocyte b-adrenoceptors detected using [3H]-CGP
in combination with isoproterenol are referred to as high-affinity erythrocyte surface b-
adrenoceptors in accordance with our previously reported findings (Reid et al. 1991).

Responsiveness to forskolin

Blood was taken from a 400 ml sample of pooled normoxic or hypoxic blood, before
and following (5–15, 20, 30min) the addition (20 ml) of forskolin [Sigma, St Louis;
dissolved in 2% dimethylsulphoxide (DMSO) saline] to yield final nominal
concentrations ranging from 1027 to 1025 mol l–1 in the presence of 1024 mol l–1

theophylline (1,3-dimethylxanthine, Sigma, St Louis; dissolved in 2% DMSO saline). An
additional sample was removed at 10min to determine erythrocyte cyclic AMP
concentration. Theophylline was used to minimize possible hypoxia-associated
alterations in phosphodiesterase activity and was added to samples of blood 15min prior
to the addition of forskolin.

Responsiveness to 8-bromo-cyclic AMP

Hypoxia-associated modifications in Na+/H+ antiporter activity were assessed by
monitoring pHe in 200 ml blood samples following the addition of 40 ml of 8-bromo-
cyclic AMP (8-bromoadenosine 39,59-cyclic monophosphate, Sigma, St Louis) using a
protocol similar to those describe above. 8-Bromo-cyclic AMP (dissolved in 2% DMSO
saline) was prepared to yield final nominal concentrations ranging from 1024 to
1022 mol l–1. Erythrocytes were exposed to 8-bromo-cyclic AMP in the presence of
1024 mol l–1 theophylline as detailed previously. Erythrocyte cyclic AMP concentrations
were not determined during these experiments.

Analytical techniques

Erythrocyte cyclic AMP content was determined on 40 ml of packed erythrocytes,
obtained by centrifugation (12000 g, 2min), according to the protocol of a commercially
available radioimmunoassay (Amersham Canada Inc.). Plasma protein concentrations
were determined according to the procedure of Lowry et al. (1951). Haemoglobin levels
were measured in duplicate on 20 ml blood samples using a commercial
spectrophotometric assay kit (Sigma, St Louis). pHe and PO∑ were measured using
Radiometer microcapillary pH (G299A) and PO∑ (E5046) electrodes adjusted to 12˚C, in
conjunction with a Radiometer PHM 71 acid–base analyzer and BMS3 MK2 blood
microsystem. The change in pHe (DpHe) elicited by additions of noradrenaline, forskolin
or 8-bromo-cyclic AMP was determined as the difference between pHe prior to and the
maximal reduction in pHe following Na+/H+ activation. The measured values of DpHe
were corrected for differences in blood haemoglobin content (Hb) in accordance with
Thomas et al. (1991) by standardizing and expressing DpHe on a per 10g Hb basis. The
apparent activation constant (Ka), calculated from an Eadie–Hofstee plot of erythrocyte
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intracellular cyclic AMP concentration vs maximal reduction in whole-blood pH (DpHe),
was used to estimate the second messenger sensitivity of the steps culminating in Na+/H+

activation.

Statistical analysis

All experiments were performed six times with differences between mean values
assessed by analysis of variance (ANOVA) followed by Fisher’s LSD for multiple
comparison, at a 95% level of confidence (Statview 512+). The difference between cyclic
AMP apparent activation constants (Ka) was assessed by comparison of the slopes of the
Eadie–Hofstee plots using Student’s t at a 95% level of confidence (Zar, 1984). All
values have been reported as means ± 1 S.E.

Results

Erythrocytes maintained under normoxic conditions (PO∑=17.9±0.2kPa, N=12) were
found to possess 532.6±43.2 (Bmax, N=6) b-adrenoceptors per cell (Fig. 1A), with an
apparent dissociation constant of 4.3±1.5nmol l21 (KD, N=6; Fig. 1B). These findings are
in agreement with previously reported receptor characteristics for trout erythrocytes from
our laboratory. A reduction in in vitro blood oxygen tension (PO∑=2.8±0.1kPa, N=12) did
not significantly alter the apparent dissociation constant of the erythrocyte surface b-
adrenoceptors (Fig. 1B) but did cause a significant 1.5-fold enhancement in the number
of b-adrenoceptors (880.7±28.6; Fig. 1A) expressed at the erythrocyte surface.

Under normoxic conditions, additions of noradrenaline resulted in a dose-dependent
depression of pHe (Fig. 2A) and a dose-dependent increase in intracellular cyclic AMP
concentration (Fig. 2B). When erythrocytes were maintained under hypoxic conditions,
identical concentrations of noradrenaline resulted in an average 1.5-fold greater increase
in erythrocyte cyclic AMP content and a 2.3-fold greater reduction in pHe. During
hypoxia, DpHe reached a maximum which was both greater, and obtained at a
considerably lower noradrenaline concentration, than that obtained during normoxic
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Fig. 1. The effects of acute hypoxia on (A) erythrocyte surface b-adrenoceptor numbers
(Bmax) and (B) apparent dissociation constant (KD). All values are means ±1 standard error of
the mean. N=6 for erythrocytes maintained under both normoxic (open histograms) and
hypoxic (hatched histograms) conditions. An asterisk indicates that the mean value for
hypoxic erythrocytes differs significantly (P<0.05) from the corresponding normoxic mean.



noradrenaline exposures. No such maximal noradrenaline-induced erythrocyte cyclic
AMP content was achieved (Fig. 2B), although significantly greater cyclic AMP
concentrations were obtained after noradrenaline exposure during hypoxia than during
normoxia at nearly all noradrenaline concentrations.

The incubation of erythrocytes in the presence of forskolin, a direct activator of
adenylate cyclase, caused dose-dependent reductions in pHe and increases in erythrocyte
cyclic AMP content (Fig. 3). The potency of forskolin as an activator of erythrocyte
Na+/H+ antiporter activity was markedly enhanced during acute hypoxia (Fig. 3A).
Hypoxia increased the responsiveness of the Na+/H+ antiporter to forskolin at all
concentrations. No maximal hypoxia-induced reduction of pHe was observed within the
concentration range used. In contrast to the effect of hypoxia on noradrenaline-stimulated
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Fig. 2. The effect of in vitro blood oxygen status on noradrenaline-stimulated changes in (A)
whole-blood pH (DpHe) and (B) erythrocyte cyclic AMP concentration ([cyclic AMP]). All
values are means ±1 standard error of the mean (where not indicated, the S.E. lies within the
symbol). N=6 for erythrocytes stimulated under both normoxic (PO∑=17.9±0.2kPa; open
circles) and hypoxic (30min hypoxia, PO∑=2.8±0.1kPa; filled circles) conditions. An asterisk
indicates that the mean value for hypoxic erythrocytes differs significantly (P<0.05) from the
corresponding normoxic mean. Lines are fitted to the data by eye.



erythrocyte cyclic AMP content, hypoxia did not affect the amount of cyclic AMP
produced following forskolin-activated adenylate cyclase activity (Fig. 3B).

Mean values, taken from Figs 1 and 2, have been replotted to illustrate the relationship
between erythrocyte cyclic AMP content and the depression of pHe and the impact of
hypoxia on this relationship (Fig. 4). Under normoxic conditions, there was a positive
correlation between erythrocyte cyclic AMP content and the resultant depression of pHe.
However, during acute hypoxia, there was a significant increase in the responsiveness
(normoxia Ka=3.51±0.35 vs hypoxia Ka=2.68±0.28pmolmg21 protein) of the erythrocyte
Na+/H+ antiporter to elevations of intracellular cyclic AMP concentration.
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Fig. 3. The effect of in vitro blood oxygen status on forskolin-stimulated changes in (A)
whole-blood pH (DpHe) and (B) erythrocyte cyclic AMP concentration ([cyclic AMP]). All
values are means ±1 standard error of the mean (where not indicated, the S.E. lies within the
symbol). N=6 for erythrocytes stimulated under both normoxic (open circles) and hypoxic
(filled circles) conditions. An asterisk indicates that the mean value for hypoxic erythrocytes
differs significantly (P<0.05) from the corresponding normoxic mean. Lines are fitted to the
data by eye.

[Forskolin] (mmol l−1)



The activation of the erythrocyte Na+/H+ antiporter by 8-bromo-cyclic AMP and the
interactive effects of hypoxia, are illustrated in Fig. 5. Under normoxic conditions,
incubation of trout erythrocytes with the membrane-permeable cyclic AMP analogue
resulted in a dose-dependent reduction of pHe, which was significantly enhanced an
average of 7.5 times under hypoxic conditions.
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Fig. 4. Maximal reductions in whole-blood pH (DpHe) as a function of intracellular cyclic
AMP concentration in normoxic (open symbols) and acutely (30min) hypoxic (filled
symbols) erythrocytes. Data represent means ±1 standard error of the mean (N=6) for both
noradrenaline- (triangles) and forskolin-stimulated (squares) erythrocytes.

Fig. 5. The effect of in vitro blood oxygen status on 8-bromo-cyclic-AMP-stimulated changes
in whole-blood pH (DpHe). All values are means ±1 standard error of the mean (where not
indicated, the S.E. lies within the symbol). N=6 for erythrocytes stimulated under both
normoxic (open circles) and hypoxic (filled circles) conditions. An asterisk indicates that the
mean value for hypoxic erythrocytes differs significantly (P<0.05) from the corresponding
normoxic mean. Lines are fitted to the data by eye.



Discussion

It has been previously documented (Nikinmaa et al. 1987; Motais et al. 1987; Salama
and Nikinmaa, 1988, 1990; Reid and Perry, 1991) that the catecholamine-responsiveness
of teleost erythrocytes is significantly increased by acute hypoxia. Reductions in blood
oxygen tension, in vitro, lead to an increase in the number of b-adrenoceptors at the
erythrocyte surface (trout: Reid and Perry, 1991; carp: Marttila and Nikinmaa, 1988),
increased cyclic AMP content of catecholamine-stimulated cells (trout: Reid and Perry,
1991; eel: Perry and Reid, 1992; carp: Salama and Nikinmaa, 1990) and enhanced b-
adrenergic swelling (trout: Motais et al. 1987; carp: Salama and Nikinmaa, 1990). Thus,
previous studies have established that the increased responsiveness of teleost
erythrocytes to catecholamines during hypoxia is related, at least in part, to enhanced
production of cyclic AMP, in turn a consequence of increased numbers of b-
adrenoceptors. In the present study, we have confirmed these findings while identifying
an additional stimulatory factor (increased responsiveness of the Na+/H+ antiporter, either
direct or indirect, to cyclic AMP) and eliminated another (increased responsiveness of
adenylate cyclase).

The alkalization of the erythrocyte cytosol is initiated by the occupancy of the
erythrocyte surface b-adrenoceptors to catecholamines. In addition to these
physiologically active receptors, lower-affinity internalized receptors have been
identified, which may act as a reservoir for normal receptor cycling (Reid et al. 1991),
agonist-dependent down-regulation (Thomas et al. 1991) and surface receptor population
augmentation (Reid and Perry, 1991). In trout, the increase in cell surface b-
adrenoceptors was shown to occur in response to acute (in vitro) and chronic (in vivo)
exposure to elevated plasma cortisol levels (Reid and Perry, 1991) and in vitro reductions
in blood PO∑ (Fig. 1, this study; Reid and Perry, 1991). Marttila and Nikinmaa (1988)
demonstrated an oxygen sensitivity in the quantification of the carp erythrocyte b-
adrenoceptor. Under normoxic conditions (PO∑=155mmHg; 20.7kPa), b-adrenoceptors
were absent or non-detectable on the carp erythrocyte surface, while significant numbers
of these receptors were apparent following 1h of hypoxia in vitro (PO∑=8mmHg;
1.1kPa).

These increases in surface b-adrenoceptor numbers were postulated to be the
explanation for increased agonist-stimulated erythrocyte cyclic AMP concentrations
observed under hypoxic conditions (Salama and Nikinmaa, 1990; Reid and Perry, 1991).
Motais et al. (1987) reported a reduction in isoproterenol-stimulated trout erythrocyte
cyclic AMP concentration under in vitro anoxia (100% N2) compared with that measured
under 100% O2. However, several more recent studies have shown significant increases
in cyclic AMP concentrations under less extreme in vitro reductions in blood PO∑. Using
carp erythrocytes, Salama and Nikinmaa (1990) reported that, under hypoxic conditions
(PO∑=8mmHg; 1.1kPa), the cyclic AMP concentrations obtained after stimulation with
noradrenaline or adrenaline were greater than in normoxia (PO∑=150mmHg; 20kPa).
Under comparable in vitro conditions, we have observed similar hypoxia-associated
changes in cyclic AMP concentration in both trout and eel erythrocytes (Fig. 2, this
study; Reid and Perry, 1991; Perry and Reid, 1992).
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The oxygen-sensitivity of the b-adrenoceptor population suggests that post-agonist-
receptor binding events, namely steps culminating in Na+/H+ activation and/or activation
of the Na+/H+ antiporter itself, might also be modulated by changes in blood PO∑. These
possibilities were tested in the present study. The data suggest, however, that the
increased concentration of cyclic AMP following adrenergic stimulation in hypoxic
erythrocytes was not caused by any enhancement in adenylate cyclase activity but was
simply the result of the increased number of physiologically active b-adrenoceptors
(Fig. 1). Evidence for this was the lack of an effect of hypoxia on forskolin-activated
cyclic AMP production (Fig. 3). In the absence of receptor-based activation of adenylate
cyclase, no significant difference in cyclic AMP production was observed between
normoxic and hypoxic erythrocytes in the presence of forskolin. These data indicate that
the erythrocyte complement or activity of adenylate cyclase is unaffected by hypoxia
unlike the erythrocyte receptor population, which is dynamic in its ability to change its
numbers in response to changes in blood oxygen status (Fig. 1, this study; Reid and Perry,
1991).

This study has established that the distribution or the expression of b-adrenoceptors at
the erythrocyte surface is not the only step in the catecholamine signal transduction
system that is significantly altered by variations in blood oxygen status. In addition, the
endogenous (Fig. 4) or exogenous (Fig. 5) cyclic AMP responsiveness of one or more
steps culminating in the activation of the Na+/H+ antiporter was significantly enhanced by
hypoxia. For example, incubation of the erythrocytes in the presence of 8-bromo-cyclic
AMP under hypoxia resulted in an average 3.9-fold increase in the reduction of pHe (an
indicator of proton extrusion activity) compared to normoxia (Fig. 5). It is possible that
the change in cyclic AMP sensitivity under hypoxic conditions was related to alterations
in erythrocyte membrane permeability to 8-bromo-cyclic AMP, thereby increasing the
effective intracellular 8-bromo-cyclic AMP concentrations in comparison to normoxia.
However, our data suggest that this explanation is unlikely. First, when cyclic AMP
production was stimulated using forskolin under both normoxic and hypoxic conditions,
significantly greater Na+/H+ antiporter activity was achieved under hypoxia (Fig. 3A)
despite identical erythrocyte intracellular cyclic AMP concentrations in both conditions
(Fig. 3B). Second, Fig. 4 clearly illustrates that there is a significant hypoxia-associated
increase in the sensitivity of the erythrocyte Na+/H+ antiporter system to endogenous
cyclic AMP that appears to be independent of the mode of stimulation; findings contrary
to the oxygen-independent cyclic AMP sensitivity of carp erythrocyte swelling observed
by Salama and Nikinmaa (1990). These data, therefore, indicate that hypoxia results in
modifications in the cyclic AMP affinity of one or more of the steps culminating in the
activation of the exchanger.

The nature and number of the steps following the production of cyclic AMP that are
eventually expressed as the extrusion of intracellular H+ and accumulation of intracellular
Na+ have yet to be elucidated. However, in the majority of systems in which the Na+/H+

antiporter has been characterized, cyclic AMP is an inhibitor of antiporter activity (for a
recent review, see Clark and Limbird, 1991). In these cell systems, inhibition of antiporter
activity results from the phosphorylation of the antiporter or a closely associated protein.
To date, only erythrocytes (rabbit: Escobales and Rivera, 1987; trout: Fig. 4, this study;
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Mahé et al. 1985; Motais et al. 1987; Reid and Perry, 1991; eel: Perry and Reid, 1992;
carp: Salama and Nikinmaa, 1990) have been shown to possess a Na+/H+ antiporter
stimulated by cyclic AMP. For cyclic AMP to activate antiporters directly in these
erythrocytes, one would have to speculate that, unlike the majority of Na+/H+ exchangers,
these antiporters are in an active state when phosphorylated. This significance of the
uniqueness of erythrocyte Na+/H+ exchange is unknown.

The findings of this study suggest that there are at least two possible cyclic-AMP-
independent mechanisms required to achieve enhanced Na+/H+ antiporter activity under
hypoxia: changes in the cyclic AMP sensitivity of one or more of the steps culminating in
antiporter activation and/or an increase in the Na+/H+ antiporter numbers. Both
possibilities are based on the results depicted in Fig. 4. The left-ward shift in the cyclic
AMP–DpHe curve suggests that some, as yet unknown, step(s) becomes more responsive
to cyclic AMP and would result in the observed increase in Na+/H+ exchange in the
absence of any change in antiporter numbers. However, as we were unable to achieve the
same maximal intracellular cyclic AMP concentration under normoxia as under hypoxia,
it is conceivable that hypoxia could trigger the recruitment of Na+/H+ antiporters in a
manner similar to that observed for trout erythrocyte surface b-adrenoceptors (Fig. 1, this
study; Reid and Perry, 1991). Little is known concerning the regulation of cell Na+/H+

numbers, but Watson et al. (1992) have recently demonstrated in a human cell line that
regulation of Na+/H+ exchange does occur and involves the endocytotic removal or
addition of the antiporter.

The exact mechanism by which reductions in blood oxygen partial pressure are
translated into cyclic-AMP-independent enhanced Na+/H+ antiporter activity in trout
erythrocytes is unknown. However, Motais et al. (1987) suggested that haemoglobin can
act as a signal transducer in these cells according to its degree of oxygenation and thereby
modulate Na+/H+ exchange through conformational alterations. It is well established that
haemoglobin reversibly binds to band 3 protein in human erythrocytes (Shaklai et al.
1977; Salhany and Shaklai, 1979; Salhany et al. 1980; Cassoly, 1983) and that
deoxygenated haemoglobin has a higher binding affinity for this anion exchanger than
does oxygenated haemoglobin (Walder et al. 1984; Chetrite and Cassoly, 1985). Our
findings do not challenge this role for haemoglobin oxygen-saturation in modifying
erythrocyte catecholamine-responsiveness since it is plausible that the observed
enhancement in the cyclic AMP sensitivity of Na+/H+ exchange, through increased cyclic
AMP affinity, Na+/H+ antiporter numbers or Na+/H+ turnover rate, is induced by
hypoxia-associated alterations in haemoglobin conformation.

In summary, this study has identified that in vitro exposure of trout erythrocytes to
hypoxic conditions results in at least two significant alterations in the catecholamine
signal transduction system. First, an enhancement in erythrocyte cyclic AMP production,
in part by virtue of an increase in the number of surface b-adrenoceptors, and second, a
hypoxia-induced increase in the cyclic AMP sensitivity of the steps culminating in
Na+/H+ antiporter activation. These events ultimately increase the responsiveness of the
erythrocyte Na+/H+ antiporter to catecholamines during hypoxia.
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