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SUMMARY

1. Yearling rainbow trout, Salmo gairdneni Richardson, were exposed to
progressive increases in temperature from 10 to 26-1°C, and variations in
haemoglobin, haematocrit and plasma and erythrocytic concentrations of
Na*, K™, Ca§+, Mg?* and ClI~ were compared with those of animals main-
tained at 10°C.

2. Despite the effects which increases in temperature are known to have
on branchial ventilation, perfusion and effective exchange area, and
consequently upon passive water and electrolyte fluxes, plasma ion con-
centrations were little affected at other than acutely stressful temperatures.
Presumably this reflects the consequences of previously demonstrated
changes in branchial, renal and erythrocytic (Na*/K*)- and (HCO;7)-
activated ATPase and carbonic anhydrase activities.

3. Haemoglobin and haematocrit were also little influenced by increases
in temperature between 10°C and about 25°C. It is unclear whether the
decreases seen at higher temperatures reflected accelerated ageing and
breakdown of circulating red cells or were a consequence of changes in tissue
water content and distribution with resulting haemodilution.

4. Red cell levels of Cl~ and K* increased more or less steadily at tem-
peratures exceeding 16—-18°C. So also did [CI7]: [Hb] and [K™]: [Hb].
Sodium and [Na*]: [Hb] were essentially constant up to about 25°C, but
thereafter increased sharply. Much the same was true of Ca**. However, red
cell Ca?* concentrations were normally <0-15 mmol 17! cell water, and may
be physiologically insignificant in the context of the present study. A more
complex pattern of change was encountered in the case of Mg?*. Concentra-
tions of this ion and the [Mg?*]: [Hb] ratio declined between 10°C and
20-22°C and thereafter increased. A sig_niﬁcant positive correlation existed
between red cell levels of CI™ and K™; significant negative correlations
between CI~ and Mg?* and K* and Na*. Negative, but insignificant correla-
tions were also seen between Ca’* and both Cl1™ and K*.

5. Given the known direct and indirect effects of inorganic ions upon
haemoglobin-oxygen affinity, the reductions in intraerythrocytic pH which
accompany increases in temperature and the effects of temperature per se
on affinity, the compositional changes observed in this study would be
expected to prompt reductions in haemoglobin-oxygen affinity and increases
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in Pso values. Previous studies have, however, revealed little thermo-
acclimatory variation in the Pso of this species. Thus, some as yet uniden-
tified factor or factors may operate in opposition to these influences.

INTRODUCTION

Although the influence of temperature on the ionoregulatory abilities of freshwater
fishes has been investigated in some detail (Houston, 1973), few studies have con-
sidered the consequences of exposure to acutely high temperatures. This is somewhat
surprising in view of the suggested involvement of osmoregulation in heat death (e.g.
Doudoroff, 1945; Brett, 1952). We are, for example, unaware of studies in which
rainbow trout, Salmo gairdneri, have been examined at temperatures exceeding
21°C, which is well below their LTsp of 26-2°C (Kaya, 1978). In the present study,
plasma Na*, K*, Ca?*, Mg?* and CI~ ion levels have been determined in trout
exposed to progressive increases in temperature from near-optimal (10°C) to near-
lethal (26-1°C) levels over a 77-day period. In addition, because of the effects of
increasing temperature on oxygen demand, and the role played by inorganic ions in
the modulation of haemoglobin-oxygen affinity, haemoglobin, haematocrit and
erythrocytic concentrations of these electrolytes were also determined.

MATERIALS AND METHODS
Ongin and maintenance of expenimental animals

Yearling trout ranging in weight from 75-2 to 309:5g (x £ s.E., 185:8 £32:3g)
were obtained from a commercial supplier (Goossens Trout Farm, Otterville,
Ontario) and maintained in the laboratory under conditions similar to those previous-
ly described (Houston & McCarty, 1978).

The dechlorinated St Catharines city water used in the study ranged in total hard-
ness from 135-145mgl~! (as CaCOs) over the course of the study; total alkalinity
from 90-95 mg1~! (as CaCO;), and input pH from 7-4-7-8. Duty-operated thermo-
regulators of local design and construction, equipped with platinum resistance ther-
mistors and linked to heating and refrigeration units maintained water temperatures
within +0-2°C (maximum excursion) of cited values. Oxygen concentrations varied
inversely with temperature, but normally exceeded 80 % saturation. A 12 hlight: 12h
darkness photoperiod regime initiated at 07.00 h was maintained throughout the
study.

Animals were fed twice daily (09.00, 15.00h) to satiation, and remained in ap-
parently healthy condition throughout the study period.

Expenimental design

From a variety of viewpoints the most appropriate design for a study of this kind
involves serial sampling of individual animals. However, the various manipulations
associated with implantation of the necessary catheters (netting, air exposure,
anaesthetization, etc.) in our experience lead to marked and persistent changes i
water-electrolyte balance and haematological status (Houston, Madden & DeWild
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W%9; Houston, Madden, Woods & Miles, 1971). In addition, maintenance of such
catheters patent over prolonged periods is exceedingly difficult, and is complicated by
the tissue necrosis which commonly accompanies long-term implantations (A. H.
Houston, unpublished observations). Accordingly, we used the alternative approach
— terminal sampling of groups of animals at selected time periods. In each instance 10
specimens were employed.

All animals were initially acclimated to 10°C for 14 days. The control group,
continuously maintained at this temperature, was then sampled on days 14, 21, 28 and
42. Experimental animals were also sampled on day 14, and then exposed to two
weekly step-input increases of 3-5°C. Sampling at 17 °C was carried out on days 21
and 28 to insure constancy of status. No significant differences being encountered,
these data were subsequently grouped and treated as a single sample. Thereafter,
samples were taken after 7-day exposures to 20, 22, 23-9, 24-9 and 25-5 °C, i.e. on days
42, 49, 56, 63 and 70. One animal died at 24-9 °C, two at 255 °C. The remaining trout
(3) were sampled following a 7-day exposure to 26-1°C (day 77).

Sampling and analytical methods

Specimens were stunned, and blood drawn from the caudal vessels into chilled,
ammonium heparin-treated syringes. Whole blood subsamples were taken for im-
mediate determination of haematocrit and haemoglobin and chilled on ice before use.
The remainder of each sample was then centrifuged and plasma drawn off by
micropipette. Any plasma remaining in contact with the packed cell column was
removed by absorption to filter paper, as was the buffy layer. Plasma and packed cell
samples were stored at —76 °C in individual sealed plastic containers prior to analysis.
Earlier studies (Houston & Smeda, 1979) have shown that samples treated in this
manner can be held for several months without significant changes in composition.

Haematocrit determinations were carried out in the usual manner, and whole blood
and packed cell haemoglobin determined by the alkaline haematin method (Anthony,
1961). Packed cell water content was estimated by desiccation (24 h at 70 °C, followed
by 48 h at 103°C). A Perkin-Elmer model 372 AAS was used in the emission mode
for plasma and packed cell sodium and potassium determinations and in the absorp-
tion mode for magnesium and calcium. Packed cell samples were digested for 48 h in
0-5mmol ™! HNO3 prior to analysis (Loenn & Oikari, 1982). Mixed standards
approximating normal plasma composition were prepared. Use of emission rather
than absorption spectroscopy, and employment of mixed rather than single-ion stan-
dards substantially reduces sodium-potassium interference and in our experience
improves analytical precision. Chloride determinations were carried out with the
Buchler-Cotlove chloridometer.

Although analyses performed on packed cell samples yield more consistent values
than do those carried out on whole blood, plasma retained in the interstices of the
packed cell column can lead to errors in the subsequent estimation of cellular ion
levels. This is particularly true of ions whose plasma levels are high relative to their
erythrocytic concentrations. A previously determined correction factor for ‘trapped
plasma’ was therefore applied (Houston & Smeda, 1979). This value, 2-8 % of packed

11 volume, is in good agreement with that reported by Catlett & Millich (1976). Both
ie somewhat below those estimated by Hardig & Hoglund (1983), presumably as a
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consequence of differences in centrifugation conditions. Red cell ion concentratidWil
were calculated as:

[X]rbe = {([X]pe = [X]p -cf)/[H20]pc } X 1000, mmol 1~ cell water, (1)

where: X =ion species, rbc, pc and p =red blood cell, packed cell and plasma,
cf = correction factor. This approach assumes that all cell water is available as solvent.
It will be appreciated, moreover, that the resulting values are means for the entire
aqueous phase, and do not take into account intracellular compartmentation, the
effects of non-specific interionic attraction on activity, or the consequences of specific
ion binding.

Statistical treatment of data

Descriptive statistics (means, standard errors, 95% confidence intervals of the
mean) were calculated from untransformed data. Single classification analysis of
variance was used in group comparisons. In such cases, proportional data
(haematocrit values, molar ratios) were routinely transformed to their arc-sin
equivalents, other values to base-10 logarithms. Significance was attributed to dif-
ferences at the 0-05 level or better. Correlation analyses were employed as required.
In each instance simple linear (Y =aX+b), power (Y =aX®), exponential (Y =
ae®®) and logarithmic (Y = a+b1nX) functions were tested, and decisions on ‘best fit’
based on the relative magnitudes of coefficients of determination.

RESULTS

Little variation with time was evident in trout maintained continuously at 10°C.
Accordingly, in subsequent Figures values for these animals have been reported as
means 95 % confidence intervals of the mean for all specimens (40) sampled at 14,
21, 28 and 42 days.

Haemoglobin and haematocrit

No significant changes in haemoglobin were encountered at temperatures below
24-9°C (Fig. 1). A sharp reduction was, however, apparent in the limited sample
(N = 3) taken at 26-1°C. Much the same was true of haematocrit values. Although
these tended to increase in relation to those of the 10°C fish, significant differences
were apparent only at 17 and 25°C. The decrease in haemoglobin at near-lethal
temperature was, not unexpectedly, paralleled by a comparable reduction in
haematocrit.

Plasma composition

Between 10 and 20 °C, sodium and chloride ion concentrations tended to decrease
to some extent, although the changes observed were not consistently significant (Fig.
2). This was followed by increases in concentration and, at 26:1°C, evidence of
further reductions in concentration. Potassium levels were significantly elevated at
17°C, but were statistically indistinguishable from those of the 10°C animals at bo:.
higher and lower temperatures. Magnesium ion levels also tended to rise wi
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-reases in temperature. By contrast, plasma calcium was essentially thermostable,
declining only at 26-1°C.

Red cell composition

At temperatures exceeding 17 °C, red cell potassium ion concentrations increased
sharply, reaching relatively stable values between 22 and 25-5°C (Fig. 3). A modest
decline was evident at 26-1°C. A much less regular, but somewhat similar, pattern of
variation was also observed in the case of chloride ion. By contrast, sodium and
magnesium levels tended to decline between 10 and 17-20°C. This was followed by
increases in concentration at higher temperature. Calcium concentrations exhibited
little variation at other than extreme temperatures.

Ion-haemoglobin ratios
Several of these ions interact directly or indirectly with haemoglobin. Molar ion:
haemoglobin ratios were therefore' calculated, and are summarized in Fig. 4. Those
for [Ca]: [Hb] were so low as to suggest negligible physiological influence, and have

o 8 — .
r — 1
= 7
3 L —
'_-6 6
20
e S
;g
ERR
<]
&
ool
32 +— /+\l
30 p— [ — -
g 28 I~
§ 26
£ ,
o
T 24
22—
20 b~
Day 1 [ N B R N
14 21-28 42 49 56 637077
Temperature | | | | | | 11 ]

10 12 14 16 18 20 22 24 26°C

Fig. 1. Haemoglobin (gdl™' whole blood) and haematocrit (%, whole blood) in rainbow trout
exposed to progressive temperature increase. Values reported as mean + 1 standard error of the mean
(¥ = 10). Envelope: mean + 95 % confidence interval of the mean for 10°C animals (N = 40).



A. H. Houston anp T. F. Koss

144 Na*

ol +\ /k
140 — 1 |
138 — )T )

136 —

IMT—

T

124 |-

cr

122

M
18
E el TL |
o,
7 14 B
T b
E
= 110[—
)
g
I} +
§ 4‘5% K
S 40}
(=]
2 35k
g
é 30

1o}

: N
o7k 1. \Y/ 3

0-6—
Cal*
22| [¥ R ¢—?MI—I_
20—
1.8
1-6
Day ’_ | | ] ] L 111
14 21-28 42 49 56 637077
Temperature J ] 1 ] | | ] ] ]

10 12 14 16 18 20 22 24 26°C
Fig. 2. Plasma Na*, CI", K*, Mg?* and Ca** (mmoll™" plasma) in rainbow trout exposed to
progressive temperature increases. Values reported as mean * 1 standard error of the mean (V = 10).
Envelope: mean 95 % confidence interval of the mean for 10°C animals (N = 40).



Thermal acclimation of trout

145 —

=
+

140 —
135

130
120 |~
115 = ‘{ |
110

105 —

95—*\

45 [—

30 —

Erythrocyte ion concentrations (mmol 1" cell water)
Z
n
.

Mg

Cnl-v-
0-15 —

::): ; -|~F ﬁrL,/’/-‘\"\ j-

Day | | L1 11
14 21-28 42 49 56 6370 77

Temperature l l l l l l l l l
10 12 14 16 18 20 22 24 26°C

Fig. 3. Erythrocytic K*, C17, Na*, Mg?* and Ca®" (mmol 1™ cell water) in rainbow trout exposed
to progressive temperature increases. Values reported as mean t 1 standard error of the mean
(N = 10). Envelope: mean + 95 % confidence interval of the mean for 10°C animals (N = 10).



60 A. H. HoustoNn anD T. F. Koss

2 -
z 0
T8 L
!
€ 16
14 —
2
26 -
i)
I 24 —
- |—
EE. 22 -
20 — - o
18 —
10 —
ey L o
z
= 8
+ﬂ
Z 1h
6 - ] i
—_ 16
T
Lo L_ ¢ 4\
o0
Z —
10 — ~N—
Day l 1 I R
14 21-28 42 49 56 637077
Temperature ] 1 | | J 1 | ] |

10 12 14 16 18 20 22 24 26°C
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exposed to progressive temperature increases. Values reported as mean + 1 standard error of the mean
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been omitted. Both [Cl]: [Hb] and [K]: [Hb] ratios increased steadily with tem-
perature; [Cl]: [Hb] by about 29 %, [K]:[Hb] by 34%. A proportionally larger
increase in [Na]:[Hb] was apparent (about 60 %), but took place only with the
approach of acutely high temperature conditions. Bycontrast, [Mg]: [Hb] declined
by some 18 % at 20-22°C, and then rose by almost 60 % to the value observed at
26-1°C.
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DISCUSSION
Plasma ion regulation

Fresh water fish exposed to increases in environmental temperature have to satisfy
elevated oxygen requirements under circumstances of diminished oxygen availability.
Standard oxygen consumption in rainbow trout, for example, rises by almost an order
of magnitude over the thermal tolerance zone, while saturation oxygen levels fall by
about 40 % (Henry & Houston, 1984). Although modest increases in blood oxygen-
carrying capacity may occur (Houston, 1980), the salmonids, as a group, appear to
respond to such circumstances with increases in branchial ventilation, perfusion and
exchange area. Since these, in turn, increase the rates of water and inorganic ion
movement across the gills (Randall, Baumgarten & Malyusz, 1972), increases in
passive ion and water fluxes would be anticipated, and have been demonstrated (e.g.
Evans, 1969; Isaia, 1972; Motais & Isaia, 1972; Maetz, 1972; Cameron, 1976).

Earlier studies on the rainbow trout and related salmonid species (Gordon, 1959;
Hickman et al. 1964; Houston, Reaves, Madden & DeWilde, 1968; Byrne, Beamish
& Saunders, 1972; McCarty & Houston, 1977; Murphy & Houston, 1977; Houston
& Smeda, 1979) have demonstrated their ability to conserve plasma composition
following long-term acclimation to constant temperatures ranging from 2 to 21 °C.
The present study indicates that effective control of specific ions can extend to 25-0
or 25-5°C, i.e. to near-lethal levels. Thus, the rates at which compensatory responses
come into play must exceed the rates of temperature change employed in this study.

The general nature of the mechanisms by means of which these animals compensate
for the perturbing effects of increased temperature on water-electrolyte balance are
indicated by a number of recent studies. One obvious response lies in restriction of
passive permeabilities. The effects of temperature on rates of oxygen consumption,
ventilatory flow and endosmosis are, however, roughly equivalent (Evans, 1969;
Isaia, 1972; Motais & Isaia, 1972). Consequently, it is unlikely that reduced water
permeability plays a major role in the adaptive process. Compensation for water-
loading is achieved primarily by increases in urine output (Mackay & Beatty, 1968;
Lloyd & Orr, 1969; Isaia, 1972; Motais & Isaia, 1972). Although urinary ion con-
centrations are reduced, overall loss rates rise at higher temperatures (Houston, 1973;
Mackay, 1974). Nevertheless, from the viewpoint of water balance per se, the
mechanisms governing this temperature-related diuresis must be both precise and
powerful for variations in water content are modest in relation to those in diffusional
influx.

In the case of inorganic electrolytes, temperature-related changes in passive efflux
are normally well below corresponding increases in endosmosis (Maetz, 1972;
Cameron, 1976). This suggests that in contrast to water, ionic permeabilities may well
be adaptively reduced at higher temperatures. Electrolyte depletion rates rise, how-
ever, as a consequence of increased urinary output, and this is presumably exacer-
bated by continuing branchial ion losses as well. Maintenance of electrolyte balance
thus requires amplification of active absorption and reabsorption processes. Studies

temperature-related variations in the activities of ion-stimulated ATPase systems
id carbonic anhydrase(s) provide some insights with respect to the stabilization of

3 EXB 110
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plasma sodium and chloride levels under such circumstances. Less is known wiij
respect to the other ionic species considered in this study.

Although there is little doubt as to (Na*/K*)-stimulated ATPase involvement in
sodium transport, this system is extremely cold-sensitive (Giles & Vanstone, 1976;
Russell & Chambers, 1976). Assays conducted at the temperatures actually experien-
ced by trout reveal low levels of activity at other than relatively high temperatures
(McCarty & Houston, 1977). This has lead to the suggestion that (Na*/K*)-
stimulated ATPase may, in this species at least, serve principally as a high tem-
perature sodium uptake amplifier (McCarty & Houston, 1977). If this is the case, one
or more cold-insensitive processes must operate in cold-adapted animals to maintain
sodium balance. From this viewpoint carbonic anhydrase is of particular interest, for
it is characterized by both an unusually high turnover number and low Q0. The
system functions in both sodium and chloride transfers in fishes, presumably through
provision of the H* and HCO3™ required for H* or NH4*: Na* and HCO;™: CI”
exchanges (Kerstetter, Kirschner & Rafuse, 1970; Kerstetter & Kirschner, 1972;
Maetz, 1974; Kerstetter & Keeler, 1976). A system possessing such characteristics
could provide relatively thermostable basal sodium and chloride uptake rates. Consis-
tent with this, branchial and renal carbonic anhydrase activities in rainbow trout are
relatively high and temperature-insensitive over broad ranges of intermediate
acclimation temperatures (Houston & McCarty, 1978), and this is true of the more
eurythermal goldfish as well (Houston & Mearow, 1982). However, since chloride
losses are also elevated at higher temperatures, some means of supplementing
chloride, as well as sodium ion uptake, is required. Kerstetter & Kirschner (1972)
have suggested that a HCO3™:Cl™ exchange driven by erythrocyte-generated
HCOj3™ constitutes a major element of the chloride absorption mechanism in rainbow
trout. Although the Kerstetter-Kirschner hypothesis has been questioned (e.g. Milne
& Randall, 1976), the increases in red cell carbonic anhydrase activity which would
be anticipated with acclimation to increased temperature have, in fact, been demon-
strated in both trout and goldfish (Houston & McCarty, 1978; Smeda & Houston,
1979; Beaumont, Koss & Houston, 1981). Finally, the involvement of HCO;™-
stimulated ATPase in chloride transport has been postulated (Kerstetter & Kir-
schner, 1974; Solomon, Silva, Bend & Epstein, 1975), and some increase in the
branchial and renal activities of this system also accompanies the acclimatory process
(McCarty & Houston, 1977). Thus, observations to date suggest that compensation
for increased water-loading centres primarily on diuretic responses. Stabilization of
electrolyte levels appears to be a more complex process involving changes in per-
meability characteristics, and enhancement of active absorption and reabsorption
processes in the gills and kidney.

These studies may, in addition, also provide some insights with respect to the
apparent breakdown in ionoregulation which occurs at near-lethal temperatures.
Because assays conducted at temperatures (usually about 37 °C) far higher than those
experienced by trout cannot be regarded as physiologically relevant, McCarty &
Houston (1977) incubated tissue samples at both a temperature slightly below the
upper incipient lethal and at the actual acclimation temperatures of the animals. If the
former can be considered to represent some function of maximum transport capacit
and the latter the utilized capacity, linear extrapolation to intersection should indic‘
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@ temperature beyond which transport capacity cannot be increased. The value
obtained in this way (25-3 £ 1-0°C) proved to be almost coincident with the ultimate
upper lethal temperature (Kaya, 1978). Much the same is true of red cell, branchial
and renal carbonic anhydrase activities in both this species and the goldfish, and of
branchial and renal (Na*/K*)-ATPase activities in the latter (Houston & McCarty,
1978; Smeda & Houston, 1979; Houston & Mearow, 1982). This is, perhaps, to be
expected, given the long-postulated ionoregulatory involvement in heat death in
fishes (e.g. Doudoroff, 1945; Brett, 1952).

Red cell composition

In an earlier study on rainbow trout acclimated to constant temperatures ranging
from 2 to 18°C, substantial increases in red cell potassium ion levels were observed
at higher temperatures (Houston & Smeda, 1979). Associated with these were modest
increases in chloride, and some reduction in sodium ion concentrations. Magnesium
and calcium were little affected. With the exception of the biphasic changes in mag-
nesium ion seen in the present study, a similar pattern of compositional variation was
apparent over an equivalent range of temperatures. This can be reasonably well
correlated with concomitant acclimatory changes in the erythrocytic carbonic
anhydrase and (Na*/K™*)- and (HCO;™)-stimulated ATPase activities of this species
(Smeda & Houston, 1979; Houston & Mearow, 1981).

The ionoregulatory manifestations of the thermo-acclimatory process in fishes have
frequently been interpreted on an implicit assumption that responses are directed
toward the conservation of pre-existing conditions. This is not necessarily the case.
Inorganic ions are powerful modulators of cellular activities (Bygrave, 1967), and
have been implicated in the metabolic adjustments accompanying acclimation
(Berisch, 1973). A number of inorganic ions also influence haemoglobin-oxygen
affinities in vertebrates and, consequently, the readiness with which oxygen is taken
up at the gills and subsequently released to tissues.

Chloride ion, for example, reduces affinity in much the same fashion as do 2,3-
DPG, ATP, and other organophosphate polyanions (deBruin, Rollema, Janssen &
Van Os, 1982), and addition of chloride favours the ‘tense’ or deoxyhaemoglobin state
of the molecule and release of oxygen. At pH values comparable to those in the
teleostean red cell (Steen & Turitzin, 1968; Dobson & Baldwin, 1982), increases in
chloride concentration lead to sharp reductions in affinity. Thus, the increases in red
cell chloride and [Cl]: [Hb] ratio observed at higher temperatures would be expected
to facilitate oxygen release. Less is known with respect to potassium and sodium.
Bonaventura, Sullivan & Bonaventura (1976) have demonstrated that NaCl sharply
increases the Psp of the single haemoglobin of the Spot, Letostomus xanthurus. This
may, however, reflect the influence of added chloride rather than sodium. On the
other hand, both Rossi-Fanelli, Antonini & Caputo (1961) and Bunn, Ransil & Chao
(1971) have observed potassium- and sodium-associated decreases in the affinity of
human haemoglobin for oxygen, with potassium exhibiting the more powerful in-
fluence. If the haemoglobin of trout is similar in this respect, the increases in erythro-
cytic potassium and [K]: [Hb] which accompany acclimation to higher temperatures

uld be expected to augment any chloride effect.

‘Inlike chloride, potassium and sodium ions, magnesium and calcium ions exert
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little direct influence upon haemoglobin (Bunn et al. 1971). Both, however, 2
potent affinity modulators. Forming complexes with ATP, the principal organo-
phosphate modulator of the rainbow trout erythrocyte (Weber, Wood & Lombholt,
1976), they deny affinity-reducing interactions between ATP and haemoglobin. Cal-
cium levels are, however, both low and thermostable. Consequently, little, if any,
impact on affinity would be anticipated. On the other hand, substantial amounts of
magnesium are found in the red cells of trout. The total amount decreases between
10 and 20°C, a range over which oxygen consumption is sharply elevated (Henry &
Houston, 1983). The proportion of this which may be free to complex with nucleoside
triphosphates is unknown at present. Furthermore, we are aware of no studies in
which both ATP and magnesium levels have been simultaneously measured as a
function of temperature. Reported acclimatory variations in nucleoside triphosphate
concentrations are, however, modest (Weber et al. 1976; Nikinmaa, Tuurala &
Soivio, 1980) and, taken at face value, existing information suggests that [Mg?*]:
[N'TP] declines as temperature increases. Accordingly, the proportion of nucleoside
triphosphate available for interaction with haemoglobin would be expected to in-
crease. Under such circumstances an effect similar to that of chloride should ensue.

Beyond this, several obvious strategies exist for potentiation of ionic effects on
affinity. Coupling changes in the concentration of ions of similar influence would, for
example, be expected todo this. Similarly, inverse concentration relationships between
antagonistic ion pairs should provide a comparable effect. Thus, since chloride and
potassium have similar effects, a direct relationship between changes in their con-
centrations with temperature would be appropriate. If potassium and sodium exert
effects on trout haemoglobins which are comparable to those on human haemoglobin,
increases in one would be most effective if coupled with reductions in the other. The
same is true of magnesium and calcium in relation to chloride and potassium. This
possibility was examined by correlation analysis. In each instance, best fits between
ion pairs were obtained with linear functions (Table 1). A significant direct correla-
tion between chloride and potassium was observed over the entire range of tem-
peratures considered. Between 10 and 249 °C, potassium and sodium were negatively
correlated, and this was true of chloride and magnesium as well. Although no other
significant correlations were encountered, those between chloride, potassium and
calcium were of appropriate sign. Accordingly, these animals appear to couple
acclimatory adjustments in red cell concentrations of ions that have additive or

Table 1. Varations in red cell concentrations (mmoll™" cell water) of ion pairs
influencing haemoglobin-oxygen affinity

Ion pair Relationship N r Significance
K*, CI rbc[K*] = 44-89 + 0-868 rbe[Cl7) 82 0-575 P<0-01
Mg**, CI” rbe[Mg?*] = 10-07 — 0-037 rbe[CI ] 69 —-0-369 P<0-01
Mg**, K* rbe[Mg?*] = 5-45 + 0-009 rbe[K*] 78 0-189 NS
Ca**, CI7 rbe[Ca®*] = 0-09 — 0-0002 rbe{CI7] 71 —0-042 NS
Ca¥*, K* rbc[Ca?*] = 0-01 — 0-001 rbe[K™*] 79 -0-189 NS
Na*, K* rbc[Na*] = 51-8 — 0-124 rbc[K™] 67 -0-295 P<0-05

NS, not significant at the 0-05 level.
rbc, red blood cell.
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agonistic effects on haemoglobin-oxygen affinity in an adaptively appropriate
manner.

In short, the changes in red cell ionic composition observed under non-acute tem-
perature conditions in this, and earlier, studies’(Houston & Smeda, 1979; Houston
& Mearow, 1981) are generally consistent with reductions in haemoglobin-oxygen
affinity. In addition, several components of the complex haemoglobin system of the
trout (Houston & Cyr, 1974; Braman, Stalnaker, Farley & Klar, 1977) are profoundly
sensitive to temperature and hydrogen ion concentration (Brunori, 1975; Weber et al.
1975). Since erythrocytic pH falls as temperature increases (Dobson & Baldwin,
1982), both would also be expected to prompt reductions in affinity.

A compromise must, however, be effected between affinity requirements for
oxygen loading under circumstances of diminished oxygen availability, and oxygen
release to more rapidly metabolizing tissues. Existing information on this appears
contradictory. Heath (1973), for example, observed a steady decrease in the arterial
oxygen content of rainbow trout exposed to increases in temperature between 19 and
26 °C. Venous oxygen content also declined, reaching negligible levels at about 24 °C.
The arteriovenous oxygen differential, however, actually increased by about 20 %
between 15 and 24 °C. These observations are consistent with those of the present
study. They point to temperature-related reduction in affinity, but suggest that this
impediment to branchial oxygen loading is compensated by more ready release of
oxygen to tissues. Against this must be placed the outcome of several studies on
acclimatory changes in whole blood oxygen equilibrium relationships (e.g. Black,
Kirkpatrick & Tucker, 1966; Cameron, 1971; Weber et al. 1976; Nikinmaa et al.
1980). The various factors (inorganic ions, nucleoside triphosphates, pH, tem-
perature) considered in relation to acclimation to increased temperature would be
expected to prompt significant increases in Psp. This does not, in fact, take place.
Such changes as do occur in salmonids are, at best, modest in magnitude. Thus, one
or more factors may oppose those prompting affinity reductions. This possibility is
currently under investigation, and will be the subject of a subsequent report.
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