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ABSTRACT

2+, Ca2+, H+) are potent

Several inorganic substances (e.g., C2 , Mg
negative modulators of hemoglobin-oxygen affinity. To evaluate the pos-
sibility that potentially adaptive changes in the red cell ionic environ-
ment of hemoglobin may take place during acclimation of fishes to increased
environmental temperature, hematological status (hemoglobin, hematocrit,
red cell numbers, mean erythrocytic volume and hemoglobin content), plasma
and packed red cell electrolyte levels (Na+, K+, Ca2+, Mgz+, CL”) were

evaluated in summer and winter populations of the stenothermal rainbow

trout, Salmo gairdneri, following acclimation to 2°, 10°, 18°C, and in a

spring population of eurythermal carp, Cyprinus carpio, held at 2°, 16°

and 30°C. From these data cell ion concentrations and ion:hemoglobin
ratios were estimated. In view of the role of red cell carbonic anhydrase
in the reductions of blood CO2 tensions and the recruitment of Na® and C8~
lost by fishes, a preliminary investigation of thermoacclimatory changes
in the activity of this system in rainbow trout erythrocytes was conducted.
Few changes in hematological status were encountered following
acclimation. There was, however, some evidence of weight-specific differ-
ential hematological response in carp. This lead to markedly greater in-
creases in hemoglobin, hematocrit and red cell numbers in smaller rather
than in larger specimens at higher temperatures; variations which were
well correlated with changes in plasma Ca2+.
Plasma composition in summer trout was not altered by acclimation.
In winter trout plasma Na+ and K+ increased at higher temperatures. Carp
were characterized by increases in plasma calcium, and reductions in sodium
and magnesium under these conditions. Several significant seasonal differ-

ences in plasma ion levels were observed in the trout.
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In trout, only erythrocytic K+ and K+:Hb were altered by acclimation,
rising at higher temperatures. In carp Na+, Na+:Hb, C2” and C& :Hb in-
creased with temperature, while Mg2+ and Mgz+:Hb declined. Changes in
overall ionic composition in carp red cells were consistent with increases
in H' content. In both species significant reciprocal variations in C&~
and M92+ were found. In mammalian systems increases in C2  and H" reduce
hemoglobin-oxygen affinity by interaction with hemoglobin. Reduction in
Mg2+ maximizes organophosphate modulator availability by decreasing ATP~Mg2+
complex formation. Thus, the changes observed may be of adaptive value in
reducing hemoglobin-oxygen affinity, and facilitating oxygen release to
cells at higher temperatures. Trout appear to maintain a high chloride-
lTow magnesium state over the entire thermal tolerance zone. Carp, however,
achieved this state only at higher temperatures.

In both species mean erythrocytic volume was decreased at higher
temperatures and this may facilitate branchial oxygen loading. Since
mean erythrocytic volume was inversely related to red cell ion content,
it is hypothesized that reductions in cell volume are achieved by export
of some unidentified solute or solutes.

Variations in the carbonic anhydrase activity that could be attributed
to the thermoacclimatory process were quite modest. On the other hand,
assays performed at the temperature of acclimation showed a large temperature
effect where under in vivo conditions of temperature fish acclimated to
higher temperatures might be expected to have higher activities. Further-
more, since hematocrit increased with temperature in these fish, while
carbonic anhydrase is present only in the erythrocyte, the whole blood
levels of this enzyme are expected to increase and further augment the

temperature effect. This, in turn, could aid in the reduction of CO2
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tension and increase the production of H+ and HC03_ used in the active

uptake of Na© and €L~ at higher temperatures.
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INTRODUCTION

Exposure to increased environmental temperature confronts the teleost
fish with the problem of satisfying much-heightened oxygen requirements
under conditions of decreased oxygen availability (Houston, 1973). Resolu-
tion of this problem is complicated by a number of inherent limitations in
the systems which are responsible for oxygen uptake from water and its
eventual delivery to cellular usage sites. Under circumstances of enhanced
oxygen demand the terrestrial vertebrate commonly responds by increasing
ventilatory activity. As discussed by Randall (1970), such responses are
less appropriate in the case of fishes. Operation of the massive ventila-
tory musculature imposes significant metabolic costs. Associated with in-
creases in flow velocity, there is also a reduction in exposure time to
lamellar exchange surfaces. Much of the additional flow is passed through
'dead space' regions in the opercular area rather than over Tamellae, and
the net result is a decrease in oxygen extraction efficiency as ventilatory
flow rises.

Much the same is true of increases in branchial perfusion by the
amplification of cardiac output. Furthermore, to be effective an increase
in output must be closely Tinked to corresponding changes in ventilation,
for efficiency falls rapidly as the branchial flow:branchial perfusion ratio
increases or decreases past an optimum value (Heath and Hughes, 1973).
Because of this, the degree to which cardiac output can be usefully in-
creased is limited by the extent to which it is practical to increase
ventilatory flow.

Although some evidence suggests that teleost fishes possess hormonally-



regulated alternative bloodflow pathways through the gills, and can alter
the exchange area to amplify oxygen uptake (Randall, 1970), these changes
would result in increased rates of endosmosis and electrolyte loss.
Accordingly, the animal would be faced with the necessity of expending
energy in regulating water-electrolyte balance.

However, the fish may also respond by adjustments at the hematological
level which enhance oxygen-carrying capacity. Since the overall oxygen
uptake is a function of both blood oxygen-carrying capacity and branchial
ventilation-perfusion-area relations (Rahn, 1966), even modest increases in
capacity, when coupled with increases in ventilation and perfusion can
prompt substantial increases in oxygen uptake. Hematological response
would seem to offer more advantages and fewer disadvantages than adjustments
in exchanger system function. Extensive investigation has, however, failed
to demonstrate that such responses play a major role in resolution of the
temperature-oxygen demand problem. When variations are seen, they are
normally modest in magnitude. Inconsistent findings have also been re-
ported, even in studies involving the same species (Houston and Cyr, 1974;
Houston et al., 1976). In some instances the changes observed have even
been seemingly anti-adaptive in nature, e.g. decreased hemoglobin levels
at increased temperature (Grigg, 1969).

It is, however, possible that more subtle responses operate at this
level. Teleostean hemoglobins normally occur as families of electrophor-
etically-distinguishable components which, in some instances at least,
differ markedly in their transport characteristics (Riggs, 1970). Thermal
acc]imation*fs associated with changes in the abundance of specific poly-

morphs (Houston et al., 1976), and it is tempting to speculate that this

* a situation where a new steady state position is reached with respect
to temperature



may represent a form of selective modification which has adaptive signifi-
cance. Furthermore, oxygen affinities of fish hemoglobins can be modulated
by pH, inorganic and organophosphate compounds. Accordingly, the coupling

of appropriate changes in hemoglobin system elements with suitable variations
in the modulatory microenvironment within the erythrocyte, could well lead

to transport modifications of significant importance.

In general, research on the environmental modulation of fish hemoglobins
has emphasized erythrocytic changes in organophosphate levels (Wood and
Johansen, 1972; Powers, 1974; Wood et al., 1975; Weber et al., 1976a and b). It
is Tikely that other means of modulating hemoglobin play an important role
in response. Inorganic electrolytes such as chloride are strong effectors
of hemoglobin-oxygen affinity (Benesch et al., 1969; Rollema et al., 1975),
co-operativity and Bohr effect (Gillen and Riggs, 1972). Magnesium and
calcium are known to complex ATP*, preventing it from reacting with hemo-
globin and modifying hemoglobin-oxygen affinity (Bunn et al., 1971). Like-
wise, monovalent cations such as sodium and potassium effect chloride-ATP
hemoglobin interactions (Rossi-Fanelli et al., 1961b; Bunn et al., 1971).

In spite of the influence which these electrolytes have upon hemoglobin
functions, they have never been studied in relation to teleostean responses to
environmental stress in which modulation might be critically important.
Indeed the erythrocytic electrolyte environment of hemoglobin has never
been adequately defined in any fish species. It is at 1least possible that
erythrocytic ionic composition could be modified during thermal acclimation
so as to confer adaptive advantages under specific temperature conditions.

To assess this possibility hematological data (blood hemoglobin, hematocrit,

*ATP - adenosine triphosphate



red cell numbers, mean erythrocytic volume and hemoglobin content), plasma
and packed erythrocytic electrolyte levels were obtained for summer and

winter populations of rainbow trout, Salmo gairdneri, acclimated to 2°, 10°

and 18°C, and carp, Cyprinus carpio, held at 2°, 16° and 30°C. Red cell

electrolyte concentrations and ion:hemoglobin ratios were then calculated
from this data. The electrolyte modifications observed have been inter-
preted in relationship to hemoglobin function and from the viewpoint of
cell volume regulation, and the control of cellular metabolism. The
analysis of estimated potential differences across the erythrocyte membrane
in relation to thermal acclimation has provided a basis for a fresh view of
ionic regulation by trout and carp erythrocytes.

Increases in oxygen consumption with temperature produce increases in
002 evolution. In spite of this rainbow trout maintain low blood PC02
tensions over wide temperature ranges (Cameron, 1971). In view of the
importance carbonic anhydrase plays in this process as well as in ion
regulation by fish (Maetz, 1971), and appreciating the homeostatic diffi-
culties thermal stress places on these processes, erythrocytic carbonic
anhydrase was assayed in rainbow trout acclimated to 2°, 10° and 18°C to
see if adaptive, thermoacclimatory modifications of this enzyme occurred

in the erythrocyte.

Literature Review

Few if any environmental factors influence biological activity more
than temperature, and the poikilotherms, of course, are potentially very
sensitive to the effects of environmental temperature change on body
functions. Such organisms, however, frequently exhibit various types of

compensation which enable them to remain active over relatively broad



Fig. 1. Oxygen availability and oxygen consumption in
representative cyprinid and salmonid species following

thermal acclimation (from Houston 1973).
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temperature ranges.

In the case of teleost fishes, increases in water temperature place
special stress upon the cardiovascular-respiratory system. This must
satisfy the increased demand for oxygen imposed by a higher metabolic
activity despite decreased oxygen solubility (Fig. 1). Such demands are

not small. The carp, Cyprinus carpio, for example, increases metabolism

(as measured by O2 uptake) by over 700% as temperature is elevated from
10° to 30°C. Oxygen solubility, however, decreases by 31% over this

range. Fish such as the rainbow trout, Salmo gairdneri, although more

stenothermal than carp, increase 02 consumption with temperature at a

1

rate (mg Oz-kgm- -hr_]°°C—]) two to three times that of carp. Furthermore,

goldfish, Carassius auratus, carp and brook trout, Salvelinus fontinalis,

have been shown to maintain constant oxygen consumption rates at various
temperatures over relatively broad ranges of oxygen tensions (Graham, 1949;
Beamish, 1964).

The ability of fish to meet the increased oxygen demands imposed by
higher temperatures is partly due to the fact that increases in temperature
produce decreases in water viscosity and increases in 02 diffusion rate.
These facilitate water flow across the gills, and increase the rate at
which O2 enters the blood (Randall, 1970). However, much of the ability
of fishes to meet temperature-induced increases in oxygen demand depends
on the compensatory responses of the cardiovascular-respiratory complex.
With this in mind, this literature review has been divided into sections
dealing with the various adaptations taking place at different levels of

this system in response to increases in water temperature.

A corollory feature of adaptations which permit the organism to deliver



more oxygen at higher temperatures is the need to handle increased carbon
dioxide loads. One of the central factors enabling fish to do this is the
carbonic anhydrase enzyme system. The functions of this enzyme within

fish will not be discussed within the Literature Review, but are considered

within the Results and Discussion sections.

Adaptations of the Cardiovascular-Respiratory System to the Increased

Oxygen Demands of Higher Temperatures

0f all the systemic responses to temperature, perhaps the best studied
are those involving the branchial exchanger system. This system is assoc-
iated with the transfer of water over the gills and into the blood. Four
potentially modifiable factors in this system can increase oxygen uptake
with temperature. (1) The volume flow of water over the gills per unit
time (Qg) can be increased to present more oxygenated water to the gills
per unit time. (2) The volume flow of blood per unit time (ég) can be
increased to present more blood at the exchange surface. This, too, would
increase oxygen transfer across the gill by enhancing the water:blood 02
tension gradient. (3) Exchange area (A) can also be increased to amplify
oxygen transfer at any specific gradient. (4) Reduction in the mean diff-
usion pathway (AX) can also increase the transfer rate of oxygen.

These interactions are approximated by the following ventilation (1),
perfusion (2) and diffusion (3) equations (Hughes and Shelton, 1962; Hughes,
1964; Randall et al., 1967; Randall, 1970; Mearow, 1975):

)

—
N
~—
-
1

- D'AAPQ,
02 AX-760

v0o



where Vg = water flow across the gills (ml/min)
ég = blood flow through the gills (ml1/min)
P1.02 = inspired water oxygen tension (mm Hg)
Pe02 = expired water oxygen tension (mm Hg)
Pa02 = arterial oxygen tension (mm Hg)
on2 = venous oxygen tension (mm Hg)
APO2 = oxygen gradient between the blood and water across the
gill epithelium (mm Hg)
awoz = water oxygen solubility (m1/1itre/mm Hg)
uboz = blood oxygen capacity (m1/litre/mm Hg)
D' = Krogh permeation coefficient for oxygen diffusion within

the gill epithelium (Krogh, 1949; as in Randall, 1970)
(m1/min/cm?/cn/760 mm Hg)
A = area of the secondary lamellae (cmz)
AX = thickness of the gill epithelium (cm)
In equations (1) and (2) 902 is expressed in ml Oz/min, while in equation
(3) the units of 902 are ml Oz/min/cm2 (gill area).

Changes in ventilation and perfusion with temperature have been des-
cribed by Hughes and Roberts (1970) for rainbow trout. When water temper-
ature was increased at a rate of 1°C/3 min the trout responded by increasing
ventilation and heart rate, and also the amplitude of the pressure changes
within the respiratory cavities. The latter observation indicates the
likelihood of increases in ventilatory stroke volume. Heath and Hughes
(1973) subjected the same species to slower warming rates (1.5°C/hr), and
found that ventilatory and cardiac rates increased nearly synchronously

from 80 to 110 cycles/min between 15° and 23°C; these functions having



thermal coefficients (Q]O) of 1.4 and 1.6 respectively. Again, increased
ventilatory frequency was coupled with increases in ventilatory stroke
volume. These responses were thought to facilitate oxygen uptake, and to
permit satisfaction of substantial increases in oxygen consumption (from
110 mg 02/kg/hr at 15°C to 280 mg 02/kg/hr at 23°C). Increases in ventil-
ation and/or perfusion with temperature have also been reported in the

sockeye salmon, Oncorhynchus nerka, (Brett, 1964), the lingcod, Ophiodon

elongatus, (Randall, 1968), and the bluegill sunfish, Lepomis macrochirus

(Spitzer et al., 1969).

Although changes in ventilation and perfusion take place and their
importance cannot be doubted, they involve substantial metabolic costs.
The amplification of(vg and ég becomes self-limiting when the 02 cost of
operating cardiac and ventilatory muscles exceeds the gain in O2 acquired.

Heath and Hughes (1973) found that ventilation and heart rate in
rainbow trout increased up to 23°C, but at temperatures above this (to approx.
26°C) ventilatory rate levelled off, as did the oxygen consumption, while
the heart rate decreased until death occurred. The onset of cardiac failure
at high temperature was seen when the heart missed every fourth cyclie. The
actions of the opercular and buccal ventilatory pumps became dissynchronized,
and pressure reversals (coughs) were common. Hughes and Roberts (1970),
studying the same species but using more rapid temperature changes, reported
similar results except that the respiratory aberrations previously stated
occurred at higher temperatures.

Brett (1964) found that maximum sustained swimming activities of
sockeye salmon were maintained at equi]ibrium*at 15°C. If oxygen tensions

were raised or lowered, the result was either an increased or decreased

* i.e., swimming activity could no longer be increased
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activity. Randall (1970), in his discussion of Brett's work, concluded
that either the cost of delivering oxygen to the gills or the transfer
factor for oxygen* (TOZ) was 1imiting oxygen uptake.

The potential benefits of increases in ventilation are Timited in
other ways. Increases in Vg are normally accompanied by reductions in
efficiency of extraction. This is in part because increases in ventilation
produce a situation in which larger percentages of the total water irriga-
ting the gills is not brought into close contact for long enough duration
to allow gas exchange to take place. Randall (1970) describes this as
'shunted water', and has divided overall ventilatory flow into three
categories. The diffusional deadspace volume involves water not allowed
to reach 02 equilibrium with the blood because of wide spacing of second-
ary lamellae or rapid flow over the gills. The distributional dead space
volume involves water delivered to parts of the respiratory surface where
the blood has already been saturated with oxygen. Water passing between
filaments and not in contact with the respiratory epithelium is termed
the anatomical dead space volume. Randall (1970) has calculated that all
of these 'dead volumes' increase as Vg increases in trout. The smallest
increases were found in diffusional dead space volume. This rose from 1%
to 7% of Vg as Vg increased from 1 to 10 mlosec']. On the other hand, the
sum of the distributional and anatomical dead space increased from a value
of near 0 to 60% of Vg as Vg increased from 1 to 3 m]-sec'], indicating
that most of the water flowing over the gills at high ventilatory rates

is actually of little value to the fish.

*The transfer factor for a gas is a measure of the ability of the gills
to transfer that gas per unit gradient. The transfer factor for oxygen T02

is defined as _
T02 = VOZ/AP02 (Randall, 1970).
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Increases in ventilation and cardiac rate can be detrimental in a
number of other ways. Increased muscular activity in some species has
been thought to correlate with reductions in blood pH so large that oxygen
loading at the gills is hindered (Powers, 1972).

Similarly, the use of alternate circulatory pathways within the gill
(Steen and Kruysse, 1964; Randall, 1970) to increase exchange area, when
coupled with increased perfusion and ventilation, would inevitably lead to
increases in electrolyte and water fluxes. These, in turn, require some
form of compensatory response,

In view of the limitations, primary costs, and secondary stresses
associated with modifications in branchial exchanger system function, it
was thought by several investigators, including Anthony (1961) and Houston
and DeWilde (1968), that other changes involving less stress might be
utilized by fish to resolve the temperature-oxygen problem. Initially
changes in hematological parameters were considered. It was felt that
appropriate changes, in conjunction with branchial exchanger responses,

could greatly facilitate oxygen uptake.

Modifications in Oxygen Carrying Capacity and Diffusion Characteristics

of the Blood

Blood has several characteristics amenable to potentially adaptive
modifications. Oxygen carrying capacity can, for example, be increased
by increasing hemoglobin Tevels. This can be accomplished by increasing
the number of red blood cells, without altering cell hemoglobin content,
or by increasing cellular hemoglobin content without increasing erythro-
cyte numbers. Either modification, or a combination of both, would

increase the amount of oxygen transported by the blood from gill to tissue
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areas. Secondly, erythrocyte volume can be reduced. The significance of
this form of response is clearly suggested by the work of Holland and
Forester (1966) on the relationship between uptake velocity constant (KC)*
of O2 and erythrocyte volume. KC was found to decrease as cell volume
increased. This effect is substantial. Goat erythrocytes with a MEV** of
20 u3 had a mean KC value of 150 mM']sec'], KC decreased to 80 mM']sec']
in 40 p3 rabbit erythrocytes, and in frog corpuscles with a MEV of 680 u3,

']. If the red blood cell is equated to a sphere,

Ko was only 19 mM ™ sec
KC values are significantly correlated with the reciprocal of the radius.

No evidence of species differences in hemoglobin reaction rates or membrane
diffusion properties for oxygen was apparent, indicating that it is the
reduction in diffusion distance which facilitates 02-Hb combination. Thus,
in acclimation to higher temperature conditions, it would be of some benefit
to the fish to package equivalent amounts of hemoglobin in smaller erythro-
cytes since this would increase the oxygen uptake velocity. Thus, most
appropriate adaptive hematological responses to increased temperature

entail increases in total hemoglobin, reduction in MEV and increases in
erythrocytic numbers and mean erythrocytic hemoglobin content.

Although such changes would presumably be energetically less demanding
than responses at the branchial exchanger level, and would also produce
fewer deleterious side effects (e.g., endosmosis and salt depletion),
evidence of their occurrence is both unclear and conflicting. For instance,
Houston and Cyr (1974) found that goldfish acclimated to 2°, 20° and 35°C
significantly increased both hemoglobin and hematocrit levels at higher

temperatures. Catlett and Millich (1976) also found increased red blood

X d[Hb02]

- kK
Ke = —q7— ([Hb1[0,1) 1 mean erythrocyte volume
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cell counts and hematocrit in this species, but Tittle change in mean
erythrocytic volume. Similarly, Houston and Rupert (1976) found moderate
but significant increases in both hematocrit and blood hemoglobin levels
in 30°C as compared to 5°C-acclimated goldfish. Anthony (1961), however,
reported that goldfish acclimated to 5°, 6°, 26° and 30°C showed slight
decreases in erythrocyte numbers. Both hematocrit and mean erythrocytic
volume increased between 5° and 26°C, and then fell off to lower values
at 30°C than were seen in the cold-acclimated fish. Despite these changes
the overall oxygen carrying capacity of the blood was not significantly
altered. Likewise, Houston et al. (1976) observed 1ittle change in either
hemoglobin or hematocrit values in goldfish acclimated to 5° and 30°C, and
Faulkner and Houston (1966) found no significant variation in hematocrit,
hemoglobin or erythrocyte numbers in goldfish held at 20° and 30°C.

In studies upon carp, Houston and DeWilde (1968) found that acclima-
tion to temperatures between 2° and 33°C lead to increases in red cell
number, packed cell volume and hemoglobin concentration, and some decrease
in mean erythrocytic volume with temperature. Houston et al. (1976), however,
found no significant changes in hematocrit or hemoglobin in carp acclimated
to 5° and 30°C.

In rainbow trout, Houston and Cyr (1974) found quite large increases
in both hematocrit and hemoglobin at higher temperatures in trout acclimated to
2°, 10° and 18°C. DeWilde and Houston (1967), however, reported few significant
thermoacclimatory changes in this species. Powers (1974) observed large increases

in the hematocrit of Catostomus clarkii with temperature, while Houston et al.

(1976) found few hematological variations in a related species, Catostomus

commersoni, following acclimation to 3°, 10° and 20°C.
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The available Titerature on thermoacclimatory changes in erythrocyte
numbers, volumes and/or blood hemoglobin contents is clearly inconsistent,
and presents no general pattern. Where significant hematological changes
take place (Houston and Cyr, 1974), they are almost certainly of some
benefit to the fish in satisfaction of increased oxygen demands. However,
even studies on the same species are inconsistent (Anthony, 1961; Faulkner
and Houston, 1966; Houston and Cyr, 1974; Houston et al., 1976), and the
small magnitude of the variation encountered in others (Houston and DeWilde,
1968) indicates that they are probably of 1ittle adaptive value. Thus,
earlier studies suggest that hematological responses involving increases
in blood oxygen-carrying capacity are not extensively utilized by fishes
challenged by temperature-induced increases in oxygen demand. However, as
pointed out in the succeeding section, alternative responses at the hemato-

logical level may well be of significant value.

Molecular Adaptations within the Hemoglobin System

Hochachka and Somero (1973), in describing various strategies of bio-
chemical adaptation, note three general molecular mechanisms by means of
which adaptation may be achieved. These involve, (1) variations in the
type of macromolecules present, (2) adjustment in the amounts or concen-
tration of macromolecules, (3) modulation of the functions of macromolecules.
Although molecular aspects of hemoglobin adaptation to temperature in fishes
have only recently been studied, present evidence suggests that the hemo-
globin system may have the capacity to adapt in all three ways when the
animal is faced with a thermal stress.

Most teleost fishes possess a number of electrophoretically distinct

hemoglobin polymorphs (Table 1). A number of studies indicate that in-



Table 13 Electrophoretic Patterns Obtained from Various Species of Fish

SPECIES NUMBER OF ELECTROPHORETIC
COMPONENTS TECHNIQUE

Carp, Cyprinus carpio Starch gel

Carp, Cyprinus carpio Sephadex

Goldfish, Carassius auratus Paper

Goldfish, Carassius auratus Starch gel

Goldfish, Carassius auratus

Chinook salmon, Onchorhynchus tshawyvtscha

Sockeye salmon, Onchorhynchus nerka
Chum salmon, Onchorhvnchus keta
Atlantic salmon, Salmo salar
Rainbow trout, Salmo gairdneri
Rainbow trout, Salmo gairdneri
Rainbow trout, Salmo gairdneri
Rainbow trout, Salmo gairdneri
Rainbow trout, Saimo gairdneri
Brook trout, Salvelinus fontinalis
Brook trout, Salvelinus fontinalis
Smallmouth bass, Micropterus dolomieui

Largemouth bass, Micropterus salmoides

Catfish, Parasilurus asotus

Brown bullhead, Ictalurus nebulosus
Cod, Gadus morrhua

Plaice, Pleuronectes platessa
Flounder, Platichthys flesus

Green sunfish, Lepomis cyanellus

(from Mearow, 1975)

oMW~ FEWUNMWAVYI=WOVYIhMWLWLWLWLWLWW

Acrylamide gel
Moving boundary
Starch gel

Starch gel

Starch gel
Moving boundary
Starch gel

Starch gel
Acrylamide gel
Cellulose acetate
Cellulose acetate
Starch gel
Cellulose acetate
Cellulose acetate
Starch gel
Acrylamide gel
Agar

Agar

Agar

Starch gel

Gl
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dividual fractions may differ in their transport characteristics, and that
the presence of certain polymorphs may offer distinct advantages under
certain environmental conditions (Riggs, 1970; Powers, 1972; Iuchi, 1973p;
Perez and Maclean, 1976). However, only recently have quantitative and
qualitative changes in hemoglobin polymorphism been demonstrated in relation
to thermal acclimation. Houston and Faulkner (1966) using cellulose
strip chromatography found that goldfish acclimated to temperatures above
12°C tended to produce a new electrophoretically-distinct hemoglobin. This
was subsequently confirmed by Houston and Cyr (1974), Houston and Rupert
(1976) and Houston et al. (1976) using polyacrylamide gel electrophoresis.
At acclimation temperatures between 20° and 35°C the goldfish exhibits

three hemoglobin polymorphs, while at 2° and 5°C only two hemoglobins are
found. It was also found that of the two hemoglobins present at all temper-

atures one increased, while the other decreased in concentration with temper-

ature. Houston and Cyr (1974) observed significant increases in blood hemo-
globin Tevels with temperature and speculated that these changes could be
channelled to selective modifications that might lead to the preponderance of
polymorphs suited to a particular temperature regime. Houston et al. (1976)
found that even in instances where Tittle significant change in overall
hemoglobin concentration took place, acclimation produced significant mod-
ifications in the relative abundancies of specific polymorphs.

Changes in hemoglobin polymorphism with temperature are not limited
to goldfish. They have been demonstrated in rainbow trout (Houston and

Cyr, 1974), carp, pumpkinseed sunfish, Lepomis gibbosus, white sucker,

Catostomus commersoni, and carp-goldfish hybrids (Houston et al., 1976),

while modest changes in one of the seven hemoglobin components of the brown
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bullhead, Ictalurus nebulosus, have also been reported (Grigg, 1969). 1In

these species, however, variations occurred only in terms of abundance.
The goldfish is, at present, unique in the exhibition of qualitative adjust-
ment in polymorphs.

It is tempting to conclude that such thermal modifications in hemo-
globin polymorphism may be of adaptive value. At present such a conclusion
would be premature, since the transport functions of hemoglobin are strongly
modulated by the internal microenvironment of the erythrocyte. Only if this
environment is defined in relation to acclimation can the transport capaci-
ties of specific polymorphs be assessed in any physiologically-realistic
fashion. Accordingly, in the next section of this Literature Review, con-
sideration is given to the modulation of hemoglobin function by cellular

agencies.

The Molecular Basis of Hemoglobin Function and Possible Sites for Hemoglobin

Modulation

Prior to any consideration of microenvironmental effects upon hemo-
globin-oxygen affinity, the molecular basis of hemoglobin function must be
discussed. Hemoglobins exhibiting co-operativity in oxygen binding consist
of four protoporphyrin IX-containing peptides. These usually take the form
of 20 and 2B subunits held together by electrostatic, van der Waals and
hydrogen bonding interactions. The hemoglobins of different species have
chains varying in amino acid sequence and, likewise, in type and degree of
secondary and tertiary binding. These variations manifest themselves in
different oxygen affinity characteristics. Despite such differences,
evidence now available indicates that vertebrate hemoglobins having sig-

moidal oxygenation characteristics (i.e., co-operativity)-and exhibiting pH

a
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effects (Bohr effect) contain invariant residues (Gillen and Riggs, 1972;
Powers and Edmunson, 1972a, b; Weissbliuth, 1974; Coates, 1975). Of these,
valine at the N-terminal, and the second last tyrosine residue in the a-
and B-chains, as well as the C-terminal arginine and histidine of the a-
and B-chains respectively are considered to be of major importance.

Changes in hemoglobin conformation upon oxygenation have been described
by Perutz (1970a, b). When hemoglobin is in the deoxygenated state oxygen
binding to a-heme pockets is favored over B-heme pockets. The oxygenation
of an a-chain heme produces changes in tertiary structure which break polar
bonds between it and the non-oxygenated a-chain. The result of this is that
the vibrational freedom of the deoxy a-chain is increased, and consequently
the second a-chain is oxygenated much more readily than the first. Oxygen-
ation also sequentially breaks polar bonds within g-chains. When both a-
chains have been oxygenated, the g-chains, which in totally deoxygenated
hemoglobin have such restrictive heme pockets that 02 cannot enter, have
enough fluidity to permit oxygenation. Oxygenation of one B-chain influences
its own tertiary structure, and favors release of 2,3DPG* or ATP bound
between the two B chains. As a result, the last B-chain is 80 times easier
to oxygenate than the primary a-chain. During the sequential breaking of
tertiary bonds H+ ions (or Bohr protons) are released.

The physiological importance of this process can be seen by reference
to hemoglobin-oxygen equilibrium curves. Co-operativity leads to sigmoidal
curve relationships between oxygenation and oxygen tension in which rela-
tively small changes in oxygen tension, such as those which are seen between

arterial and venous blood, lead to relatively large changes in hemoglobin

*2,3 diphosphoglycerate
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oxygenation and deoxygenation. In the absence of co-operativity hemoglobin
has the hyperbolic characteristic seen in myoglobin (Weissbluth, 1974) and

the di-heme hemoglobins of the lamprey, Petromyzon marinus (Riggs, 1970).

Deoxygenation within capillaries is also facilitated by the decreases
in pH which stem from production of lactate and the conversion of CO2 to
H2C03 by carbonic anhydrase which forms H+ and HC03- within erythrocytes
near metabolizing tissues. These lead to increases in hydrogen ion con-
centration which tend to reverse proton release and favor deoxygenation.
Because of this, there is an additive deoxygenation effect; more deoxygen-
ation takes place than would be the case with reductions in oxygen tensions
alone.

Hemoglobin-oxygen affinity can be modulated at a number of other
possible sites as well. Variations in erythrocytic organophosphate con-
centrations also effect hemoglobin-oxygen affinity. DPG is the major
organophosphate within mammalian erythrocytes (Benesch and Benesch, 1969)
while ATP, and in some cases GTP} seems to be the more important organo-
phosphate modulators in fish (Gillen and Riggs, 1971; Peterson and Polu-
howich, 1975; Kaloustian and Poluhowich, 1976; Weber et al., 1976a).
Increasing organophosphate concentrations within erythrocytes favors the
deoxy form of hemoglobin, since cross binding between B chains is maximized,
and oxygen affinity is decreased.

Both co-operativity and the Bohr effect result from the presence of
positive and negative interactions of heme chains as well as freely dis-
sociable proton groups. It is therefore not surprising that charged
electrolytes also influence hemoglobin-oxygen affinity. For example, high

concentrations of salts, such as NaCl, tend to dissociate hemoglobin into

*guanosine triphosphate
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half molecules, evidently by neutralizing salt bridges between peptides.
This tends to decrease co-operativity, and increase oxygen affinity
(Rossi-Fanelli et al., 1961a). At physiological levels, however, electro-
lytes tend to act in a more specific fashion and often with quite different
effects.
Chloride

Studies on human hemoglobin have shown that increasing chloride con-
centration from 5 mM to 100 mM at intracellular pH levels (i.e., 7.3)
doubles the number of Bohr protons released per tetramer upon oxygen
ligation. Presumably chloride ions bind near the amino acids responsible
for proton release, and Tower the pK values of proton groups (Bruin et al.,
1974; Rollema et al., 1975). This leads to three consequences. First, the
Bohr effect is enhanced. Since increased numbers of protons are given off
upon oxygenation, lowering pH produces greater changes in hemoglobin-oxygen
affinity. Second, the co-operativity of the hemoglobin peptides is enhanced
following the sequential ligation of oxygen, since the breaking of salt
bridges results in increased probability of deprotonizing appropriate amino
acid residues and increasing the fluidity of chains involved in further
oxygenations. Finally, since the number of protons released upon oxygenation

(AZ,) is directly related to the oxygen tension needed to saturate hemoglobin

g)
at a given pH*, changes in chloride concentration significantly modulate the
range over which oxygenation takes place.

The effects of changing chloride levels of hemoglobin solutions are

quantitatively quite dramatic. Benesch et al. (1969) found that at pH 7.30

*i.e., for human hemoglobins, Rollema et al. (1975) describes the following

relation log P
— %01,y
pH 4 =g >

where Pgg is the 02 tension needed to produce 50% saturation of hemoglobin.
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increasing sodium chloride from 10 to 100 mM increased the log Peg of
dialysed human hemoglobin from 0.1 to 0.5. The significance of this is
obvious. At 10 mM NaCl and a log P02 of 0.2, hemoglobin is 80% saturated.
At the same oxygen tension in 100 mM NaCl only 20% saturation can be
attained. Similar effects of chloride on human hemoglobin P50 values
have been demonstrated by Rossi-Fanelli et al.(1961b) and Antonini et al.
(1962). These authors also measured changes in the Hill coefficient n,
and showed that co-operativity increased with chloride concentration.
Chloride effects are not limited to human hemoglobin. Under pH con-
ditions similar to those in fish erythrocytes, Gillen and Riggs (1972)
found that log P50 of stripped carp hemoglobins increased from 0 to 0.4
with an increase in co-operativity fromn = 1.5 to 2.0 in 100 as compared
to O mM NaCl. Reductions in pH amplified the decrease in oxygen affinity
produced by the salt, indicating the 1ikelihood of an increased Bohr

effect. Even the hemoglobins of the eel, Anguilla rostrata, regarded by

Weber et al.(1976a) as being salt-insensitive, show a significant chloride
effect. Kaloustian and Poluhowich (1976) found that if the eel hemoglobins
were stripped of organophosphates and NaCl was increased from 20.4 to 60.1
mEq/% (pH 7.0, 10°C) oxygen saturation was decreased by 20% at oxygen
tensions of 5 mm Hg. Of greater importance, it was found that at various
ATP and GTP concentrations NaCl decreased hemoglobin-oxygen affinities (as
measured by P50 values) to a greater extent than in organophosphate-free
solutions.

Monovalent Cations

Monovalent cations at physiological levels seem to produce little if

any effect upon hemoglobin. Bruin et al. (1974) and Rollema et al. (1975)
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studied the effects of chloride using KC1 as a C1~ source and NaOH and HCI
combinations to arrive at appropriate buffer pH values. Both studies re-
vealed that cationic concentrations in the media had 1ittle effect. This
conclusion has been partially substantiated by Benesch et al. (1969) who
obtained comparable chloride effects using NaCl rather than KC1 as a
chloride source. Rossi-Fanelli et al. (1961b) reported that KC1 tended

to produce slightly larger P50 shifts than were obtained with NaCl or TRIS-
HC1 at similar concentrations and pH. Bunn et al. (1971), however, found
that hemoglobin solutions containing 100 mM chloride, and either 0.1 M K*
or 0.1 M Na* showed Tittle difference in oxygen affinities unless organo-
phosphates DPG or ATP were present (at 1 mM/2). The latter study also
revealed that K in combination with C1~ and organophosphates produced
lower hemoglobin-oxygen affinities than similar solutions having Na*

rather than K'. The greatest effect was seen when ATP was the organo-
phosphate in solution. The differing effects of Na* and K* on hemoglobin-
oxygen affinity may be a result of differential interactions with ATP and/or
chloride rather than a consequence of any direct effect on the hemoglobin
molecule.

Divalent Cations

Divalent cations such as magnesium and calcium tend to have more in-
fluence upon hemoglobin-oxygen affinity than do monovalent cations. Bunn
et al. (1971), studying Mg+2 hemoglobin and ATP interactions, found that

Mg+2

(0 to 30 mM) had Tittle effect upon oxygen affinity in the absence of
ATP or DPG. However, in the presence of 1 mM ATP oxygen affinity was in-
creased from a P50 value of 8.0 to 3.6 when the magnesium concentration

was increased from O to 7 mM. At Mg+2 lTevels of 7 mM in the presence of
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ATP hemoglobin-oxygen affinities approximated those of stripped hemoglobin.
Bunn et al. (1971) hypothesized that magnesium acts by binding ATP, and
preventing its interaction with hemoglobin. Similar effects were also
obtained when Mg+2, DPG and hemoglobin oxygen interactions were studied.
0f added importance is the fact that the interaction of these organo-
phosphates with Mg+2 and hemoglobin depends on hemoglobin oxygenation
state. In the oxy form there is virtually no binding of ATP (or DPG) to
hemoglobin, and 80% of the ATP present is complexed with Mg+2. Deoxy~
hemoglobin, on the other hand, has a high affinity for ATP. It competes
with magnesium for the organophosphate, and this results in a decrease in
Mg+2-ATP, coupled with an increase in ATP-Hb. The result of this is that
there is a strong shift from the Tow-affinity deoxy state hemoglobin to
high oxygen affinity in the presence of oxygen. If such shifts take place
between the areas of oxygen uptake and release, oxygen transfer would, of
course, be greatly facilitated. Bunn et al. (1971) suggest that the magni-
tude of the affinity change may actually be greater than predicted on the
basis of the foregoing considerations since venous-arterial pH differences
will amplify affinity effects, as would the decrease in pH at venous levels.
On the venous side of the system, decreases in pH would tend to protonate
ATP, reducing its affinity for magnesium and providing extra phosphate
hemoglobin interaction which would decrease Hb-O2 affinity and facilitate
O2 release.

Calcium apparently acts in an analogous fashion. However, its actions
are weaker, and consequently produce less effect upon Hb-O2 affinity (Bunn
et al., 1971). 1In addition, it is present in very small concentrations

(<1 mM within erythrocytes), and much of this is lipid-bound. Consequently,
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it seems unlikely that calcium plays any direct role in the modulation of

hemog]obin—O2 affinities in the erythrocyte.

Environmentally-Induced Modulation of Hemoglobin-Oxygen Affinities

Both temperature and oxygen tension influence erythrocytic levels of
molecules affecting loading and unloading of oxygen by hemoglobin. For

example, Wood and Johansen (1972) found that when eel, Anguilla anguilla,

were held under hypoxic conditions (P02 = 15-30 mm Hg) erythrocytic ATP
Tevels decreased. Weber et al. (1976a) in their studies on this species
found that GTP was the most abundant organic phosphate within the erythro-
cyte, and that it also decreased under conditions of hypoxia. Decreases
in erythrocytic organophosphate levels under hypoxic conditions have also

been reported for Pleuronectes platessa (Wood et al., 1975). Since such

modifications increase hemoglobin-oxygen affinity, these authors concluded
that the response was adaptive, and would facilitate oxygen loading at the
gills.

In mammals the lowering of arterial oxygen tension (e.g. at high
altitudes) triggers an opposite response than reported for fishes; 2,3-
DPG, the principal organophosphate of the mammalian erythrocyte, increases
and prompts decreases in hemoglobin-oxygen affinity (Lenfant et al., 1968).
This was also thought to represent an adaptive strategy since oxygen un-
loading at the tissue level would be facilitated, while still allowing
hemoglobin to be saturated at the Tungs. This response may, however,
actually prove to be anti-adaptive since increasing hemoglobin oxygen
affinity by artificial means (e.g. cyanate treatment) increases survivor-
ship of rats under hypoxic conditions (Eaton, 1974).

In assessing the effects of thermoacclimation upon hemoglobin-oxygen
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affinity, Grigg (1969), Eaton (1974) and Powers (1974) concluded that
increases in water temperature through their effects on oxygen solubility
were comparable to hypoxia. Therefore, it was hypothesized that hemo-
globins which could be modulated to increased oxygen affinity with tem-
perature would be of adaptive advantage.

The few studies in which hemoglobin-modulation has been examined in
relation to temperature are notable for a diversity of results and inter-
pretations. Weber et al. (1976b), for example, reported that ATP, the
main organic phosphate of the rainbow trout erythrocyte, did not change
significantly following acclimation to 5°, 15° and 22°C. Hemoglobin-
oxygen affinity, as measured on whole blood samples at 15°C over a wide
pH range, was not significantly altered in relation to acclimation temper-
ature. When whole blood hemoglobin oxygen affinities were measured at
acclimation temperatures, those animals held at 22°C had dramatically
reduced oxygen affinities by reference to 5°C specimens, confirming the
earlier findings of Eddy (1971) with respect to the temperature sensiti-
vity of trout hemoglobins.

It is difficult to visualize any advantage associated with increasing
hemoglobin oxygen affinities at higher temperatures in many species. Grigg

(1969) has argued such a case for the brown bullhead, Ictalurus nebulosus.

This species has high hemoglobin-oxygen affinities. Under realistic con-
ditions 50% saturation can be achieved at oxygen tensions of only 6 mm Hg.
In such cases reduction of oxygen affinity to facilitate oxygen unloading
at the tissue level would constitute the more appropriate adaptive response.
Grigg (1969) did not consider this interpretation, although it is, in fact,

consistent with his reported results. If pH conditions within the bullhead
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erythrocyte are comparable to those reported by Steen and Turitzin (1968)
and Wood and Johansen (1973), i.e. 6.8-7.0, Grigg's specimens, when
acclimated to 9°C, probably had P50 values of approximately 6 mm Hg,
whereas those fish at 24°C may have exceeded 15 mm Hg. In other words,
under in vivo temperature conditions there was, in fact, a substantial
reduction in affinity. Similarly, Eddy (1973) found that the tench, Tinca
tinca, acclimated at 5°, 13° and 20°C, was characterised by hemoglobin
oxygen affinity decreases with temperature. P50 values were 0.5, 2 and
3 mm Hg at 5°, 13° and 20°C respectively.

In view of these experimental results, there are grounds, therefore,
for the suggestion that the acclimation of teleosts to increased tempera-

ture may involve reductions in hemoglobin-oxygen affinity under in vivo

conditions which would favor unloading at the tissue level rather than

increases in affinity facilitating oxygen loading at the gills.



MATERIALS AND METHODS

Origin and Maintenance of Experimental Animals

Rainbow trout having a mean weight of 227i12.1ib were used in the
seasonal, thermoacclimatory electrolyte study. Trout used for carbonic
anhydrase assays had an average weight of 290x13.7 g. All fish were
purchased from a local supplier (Goosen's Trout Farm, Otterville, Ontario)
and were taken from the same pond stock. The first shipment of fish for
the electrolyte study was received in March, 1975 and sampled during July
and August of 1975. The second batch of fish was received in August, and
sampled in November to December of 1975. Fish used for the carbonic anhy-
drase study were purchased in May, 1976 and sampled during August and
September, 1976.

Carp used in the thermoacclimatory electrolyte study had a mean weight
of 135£26.4 g. These were seined from the Virgil Dam Reservoir, Virgil,
Ontario during the summer and fall of 1975, and sampled during May of 1976.

Each batch of fish was inspected upon arrival, and equally distributed
between three constant-flow 500 & tanks (Frigid Units Inc., Toledo, Ohio,
model LS-700). Water temperatures were controlled by means of model BHL-
1076 coolers (Frigid Units Inc.) used in conjunction with 1000 watt stain-
less steel heating coils regulated via a water temperature sensor, linked
to locally-designed and constructed controller units. The coolers served
two other functions in that they constantly cycled tank water thru filters
and splash-aerated the water. Supplementary dechlorinated water inflows
were provided, and tank water exchanged three times daily. Oxygen levels

never dropped below 90% saturation for any particular water temperature.

* + 1 standard error 27
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Carp were kept in 1000 2 holding tanks (Frigid Units Inc., RT-430)
supplied with constant flow of room temperature aerated water until they
could be transferred to the LS-700 acclimation tanks.

Initially all trout were maintained at hatchery water temperature.
Carp were also transferred in such a manner so as to avoid thermal shock.
A1l fish were fed daily, ad 1ibitum, on Purina Trout Chow (Purina Indust-
ries). Following resumption of normal feeding and other activities, water
temperatures were altered by 20.5° per day until acclimation temperatures
of 2°, 10° and 18°C for rainbow trout, and 2°, 16° and 30°C for carp were
reached. Fish were then maintained for no less than a month at their
respective acclimation temperatures prior to sampling. A 12 hour light/

12 hour dark photoperiod cycle was used throughout the study.

Sampling Procedure

Chemical anesthetization prior to sampling was rejected due to the
plasma electrolyte changes associated with this procedure (Houston et al.,
1971). Fish were stunned by a blow to the head, and blood drawn from the
caudal vessels into syringes rinsed with ammonium heparin (Sigma Chemical
Co., St. Louis, Mo., 50,000 units). The freshly-drawn blood was then

used in the analytical procedures outlined in the following pages.

Hematological Determinations

(a) Hematocrit (PCV)

Hematocrit determinations were performed in triplicate with Fisher
microhematocrit tubes. Separations were carried out by centrifugation

at 13,000 RCF (relative centrifugal force) for five minutes in an Adams
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microhematocrit centrifuge. An Adams microhematocrit reader was used to
determine packed cell volumes.

(b) Hemoglobin Determinations (Hb)

Hemoglobin was determined in duplicate by the alkaline hematin method
as outlined by Anthony (1961). A 20 u2 volume of fresh whole blood was
added to 5.0 ml of 0.1 N NaOH. A standard curve was prepared by placing 20 g,
10 p2 and 5 p2 volumes of Hemotrol (Clinton Laboratories, Santa Monica, Ca.)
containing 16.4 g/100 m1 stabilized human hemoglobin into separate cuvettes.
Standards and samples were placed in a boiling water bath for 5.0 minutes
and, after cooling, absorbances were read at 560 nm using a Bausch and
Lomb Spectronic 700 spectrophotometer. Assuming a molecular weight of
64,500 gHb/mole (Lehninger,1970), molar concentrations of hemoglobin per
litre of blood were calculated. On the basis of the corresponding hemato-
crit value corrected for 'trapped plasma' (described later) the molar con-
centration of hemoglobin per litre of packed erythrocytes was determined.

(c) Red Blood Cell Count (RBC)

A volume of well-mixed blood was drawn into a blood diluting pipette,
and diluted 1:100 using isotonic Hessers saline (Hesser, 1960). A small
volume was blown from the pipette to clear unmixed fluid from the pipette
stem, and aliquots applied to the duplicate chambers of a hemocytometer
(American Optical, Buffalo, N.Y.). Four peripheral and one central squares
of the duplicate chambers were counted at 400X magnification, and the mean
count per square obtained. Since each secondary square has an area of 0.04
mm2 and is 0.1 mm deep, multiplying the count by 25,000 gave the number of
erythrocytes per mm3 of blood.

(d) Mean Erythrocytic Volumes (MEV)

Mean erythrocytic volume was calculated using the formula:
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MEV (us) = PCV(10)/erythrocyte number(106/mm3)

from Houston (1975).

Cation Determinations

Freshly-drawn blood was separated into two containers. One was used
for whole blood determinations, and the other centrifuged immediately
(5000 g, 5 minutes). After centrifugation plasma was carefully removed
with a capillary pipette, and stored in a sealed plastic vial at -80°C.
It proved difficult to remove all of the plasma without disturbing the
erythrocytes. Such disturbances must be avoided since they cause hemolysis,

2 and K+ levels. Therefore, plasma

and lead to overestimations of plasma Mg+
was withdrawn until only a small layer remained, and this was then absorbed
with the tip of a cotton swab. Once separated, plasma and erythrocytes can
be stored at -80°C for at least one year without significant changes in
ionic composition.

The small volumes of sample obtained required development of procedures
whereby all cation determinations could be made on one dilution of each
fraction. Double-distilled water was used throughout in making up solutions
and samples were prepared in duplicate for each specimen.

In the case of whole blood or packed erythrocytes, 100 ul of well-
mixed blood, or thawed erythrocytes, was pipetted into 5.0 ml of water.

This was vortexed for 4 minutes and allowed to stand for 1 hour at 2°C.

After this period, 5.0 m1 of 15.214 g SrC1,-6 HZO/Q HZO was pipetted into

2
the tube, and the tube vortexed for a further 4 minutes. Cell debris was
removed by centrifugation in a clinical desk-top centrifuge (1,500 g, 15
minutes). The clear red supernatant was transferred to a separate test

tube and refrigerated (2°C) prior to analysis. A1l subsequent determinations
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were made on the same day to avoid refreezing and thawing.

In the case of the plasma, 100 uf of plasma was pipetted into 10.0
ml of 7.607 ¢ SrC12~6 HZO/Q HZO’ shaken and stored in the same manner.

This method of sample preparation was found to yield satisfactory
results for ionic determinations of the fractions. For erythrocytes and
whole blood the use of harsher tissue extractions employing a nitric acid
digest (Whittam, 1955; Little, 1964; Houston and Mearow, 1978) produced
neither more complete extractions nor more consistent results.

2 and Ca+2 analyses,

Atomic absorption spectroscopy was used for Mg+
but proved unsuitable for K+. Both the latter, and Na+ were analyzed by
the emission technique. Part of the difficulty in applying the former
method stems from the fact that if standards containing k' but no Na'
are used to determine unknown K* levels of blood, there is a significant
overestimation of the values. This is due to the fact that all blood
fractions contain considerable amounts of both Na+ and K+, and the presence
of Na¥ in the sample produces positive interference, and consequently larger
optical density readings during K* determinations, than if only K" was
present in the blood. If standards having only k™ are used for blood
determinations the result is an unequal comparison. The use of the emission
mode for Na+ and K+ analyses leads to 1ittle cross interference, improved
sensitivities and near-linear calibration curves over the range of con-
centrations used. While emission spectroscopy is better suited to Na*

and K analyses, atomic absorption produces better resolution of Mg+2 and

Ca+2. For this reason each mode was used for the cationic determinations
it best suited.

Standards were prepared from BDH single-element Atomic Absorption
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Standards (BDH Chemicals, Toronto, Ontario), and contained exactly the
same SrC]2 levels as sample preparations. Determinations were made with

a Unicam SP-90 Spectrophotometer at the settings listed in the following

table.
Table 2
Atomic Absorption Spectrophotometer Settings
Mode Ion Wave- S1it- Burner Air Fuel Lamp
length width height flow flow current
(my) (mm) (cm) 2/min  cc/min (mA)
Na®  589.0  0.08 2.0 5 1000 0
Emission +
K 766.5 0.10 2.0 5 1000 0
. +2
Atomic Mg 422 .7 0.10 1.0 5 1000 12
Absorption Ca‘? 285.2  0.08 1.0 5 1200 12

Optical density values were recorded using a Fisher Recordal Series 5000
recorder.

During all determinations the instrument was blanked with a solution
of 7.532 g SrC12-6 HZO/Q H20 between each measurement. A series of 6
standards for the appropriate fraction were measured between each group
of 10 samples to check for drift. The concentrations of the samples were
determined from a calibration curve of the standards aspirated before and
after the samples.

Electrolyte concentrations in carp and rainbow trout erythrocytes have
never previously been determined. Consequently, there was no data available
for comparison. Because of this, the check method described by Bugyi et al.

(1969) was undertaken. If ionic determinations are made on plasma, packed
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erythrocytes and whole blood, and if the packed cell volume is known, then
a determined whole blood ionic value can be compared with calculated blood
values, where the calculated value for an ion x is:

W, = (P,) « (1-PCV) + (E, ) - (PCV)

and wscx = calculated concentration of ion in whole blood in mEq/% blood,
(Px) = plasma concentration of x, mEq/% plasma,
(EX) = erythrocyte concentration of x, mEq/% cells, and
PCY = the fraction of blood occupied by erythrocytes.

If discrepancies between the calculated and determined values occur, this
indicates that analytical errors must exist in one or more of the blood
fractions or the PCV. For 57 to 63 fish (summer rainbow trout) on which 4
cationic determinations were performed, the average error for Na+ was 2.28%
with 95% of the normalized distribution of errdrs being between 3.57% to
0.992. Kk* produced a mean error of 2.05% with the 95% confidence Timits
lying between 3.45% to 0.65%. Determinations of Mg+2 and Ca+2 produced
somewhat larger mean errors (4.34% and 3.97% respectively), but in view of
the small Tevels of Mg+2 and Ca+2 present in the blood these represent

relatively small quantitative errors in determination.

Chloride Determinations

Chloride was determined using a Buchler-Cotlove chloridometer (Buchler
Instruments Inc., Fort Lee, N.J.). Plasma, whole blood, packed erythrocytes
and standards were prepared in triplicate and treated in the same manner.
The standard used was Versatol (General Diagnostics, Morris Plains, N.J.),
an artificial human serum containing 103 mEq/% C1°. 20 uf volumes were

pipetted into 2.0 ml of 0.1 N HNO3 + 10% acetic acid solution. Plasma pre-
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parations were analyzed immediately, while erythrocyte and whole blood
preparations were sealed and allowed to digest for 12 hours. Standards
were prepared for each set of unknowns, and although no digestion period
is necessary prior to determination, the standards used in determinations
of erythrocytic or whole blood chloride were allowed to stand for 12 hours
as well. Just prior to analysis, 3 drops of gelatin reagent (6.2 g of a
reagent containing 60:1:1 gelatin:thymol blue:thymol/% H20, prepared by
Buchler Instruments) were added to each sample cuvette.

The Buchler-Cotlove method involves the release of Ag+2 into the
solution and simultaneous measurement of solution conductivity. Ag+2

reacts with C1~ to form AgCl The endpoint of the titration is reached

o
when all chloride is in the form of AgC]2 and free Ag+2 accumulates, in-
creasing solution conductivity. Since Ag+2 is released at a constant rate
into the solution, the time taken to reach the endpoint is 1inearly pro-
portional to chloride concentration. In the present study the endpoint
of titration was met when the solution conductivity reached 10 mA.

In all cases blanks containing 20 uf distilled HZO +2.0ml 0.1 N
HN03, 10% acetic acid + 3 drops gelatin reagent were first run to 'condition'
the Ag+2 electrode and provide a stable 'blank' time reading. Subsequently,
standards followed by ten samples were run in triplicate, and titration

times recorded. The chloride concentration of the unknown sample was

calculated as follows:

. T -T
Samp]?méoyz§ntrat1on = T—E——:—%— x Std. concentration
g std b
where TS = titration time of sample (sec)
T, = titration time of blank (sec)



35

Tstd = titration time of standard (sec), and

Std. concentration = 103 (mEq/%, C17)

Water Determinations

Plasma and erythrocytic water were determined in duplicate. A 50 ug
volume of packed cells or plasma was weighed and dried for 24 hrs at 70°C,
then 48 hrs at 103°C. Water content was then calculated, and expressed as
a % of the total weight as well as the volume of H20 occupying a volume of
plasma or erythrocytes. In the case of packed erythrocytes the volume of

HZO contributed by the trapped plasma was compensated for.

'Trapped Plasma' Factor

Cation and chloride determinations made on samples of packed erythro-
cytes involve an error due to plasma trapped within the interstices of the
cells. To compensate for this, the percent volume of plasma occupying the
erythrocyte column was determined. The detailed procedure is outlined in
Appendix 1. This involved additions of radioactive, erythrocyte-impermeable
polyethylene g]ycol-]4C (m. wt. 4000) to a volume of blood, separation of
the blood into plasma and erythrocyte fractions as for ionic determinations,
and determination of the radioactivity of each of these fractions. After
compensation for quenching imparted by the coloration of the plasma or
erythrocytes, the radioactivity present in a volume of erythrocytes was
equated to the volume of plasma, and the % volume of plasma occupying the
packed erythrocytes determined.

The possibility that erythrocytes of small mean volume might pack
differently than larger cells was also considered. In this case the plasma

trapping factor was determined for five samples of rainbow trout erythro-
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cytes whose MEV varied from 230 u3 to 311 p3. No correlation between the
plasma trapped and MEV was found. The mean value for the trapped plasma
was 2.82%. Catlett and Millich (1976) using '*C-inulin reported a trap-
ping factor of 3% in goldfish with MEV of 190 u3. Human erythrocytes,
having volumes of approximately 80 u3, have trapping factors of 2-5%
(Bugyi et al., 1969). Therefore, it appears that MEV is not an important
variable in this correction factor. In view of this, a trapping factor
for carp erythrocytes (MEV of between 190 and 250 u3) was not calculated
and the trout factor of 2.82% was used.

Electrolyte levels for a measured volume of erythrocytes were corrected
for the trapped plasma using the following equation:

Correct level of electrolyte _ (E) - (P - 0.0282)

(mEq/2 cells) - 0.9718
where E = mEq of electrolyte/2 of non-corrected packed cells, and
P = mEq of electrolyte/% of plasma.

Carbonic Anhydrase

(a) Sample Preparation

Triplicate hematocrit readings were obtained for freshly drawn, well-
mixed blood. On the basis of these values, duplicate samples were prepared
with sufficient whole blood to provide 0.125 ml of packed erythrocytes.
These were centrifuged (5000 g, 5 minutes, 3°C) and the plasma removed and
stored at 2°C. The packed cells were washed 4 times in 0.8% saline with
intervening centrifugations (5000 g, 5 minutes, 3°C). After the fourth
wash they were resuspended in 200 uf of saline, and transferred to graduated
centrifuge tubes. Double-distilled HZO was added to a final volume of 5.0

ml, the suspension vortexed for 4 minutes and centrifuged at 30,000 g for
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30 minutes at 2°C. Although the alevin stages of rainbow trout (approx-
imately 25 days old) possess erythrocytes with extensive tubular networks
and pronounced nuclei, adults of the size type used in the present study
are characterized by red cells having few or no organelles and reduced
nuclei (Iuchi, 1973a). It seemed Tikely, therefore, that the pellet
brought down by centrifugation consisted mainly of membranous material.
Centrifugation of the supernatant at 100,000 g for 45 minutes failed to
bring down any further material, suggesting that this fraction consisted
primarily of non-membranous components.

In some instances assays performed on non-mammalian erythrocytes have
involved only the supernatant fraction; the membrane fraction has been
discarded (e.g., Mashiter and Morgan, 1975). This is largely because such
procedures have been based on those previously performed on mammalian
erythrocytes where carbonic anhydrase is present only in the cytosol.
Preliminary work within this laboratory, as well as that of Haswell (1977),
suggested that there may be a membrane-situated form of this enzyme in
rainbow trout erythrocytes. In view of this, the membrane fractions were
also retained and prepared for carbonic anhydrase activity determinations.

After centrifugation, pellet and supernatant were separated, and the
pellet washed 3 times with 2.5 ml aliquots of distilled water. Wash waters
were monitored for carbonic anhydrase activity and protein. Modest
activity was inconsistently observed only after the first wash. The
washed pellet was then brought to 2.5 ml with distilled H20, and vigorously
vortexed until the solution became clear. To remove bubbles which had
formed during this procedure, the solution was centrifuged at 30,000 g for

15 minutes. Once prepared in this manner, further centrifugations did not
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bring down material. Microscopic examinations indicated that this fraction
contained very finely divided membrane with no sealed vesicles. Since
interest at this stage was focussed only upon the contribution of 'membrane'’
and 'cytosol' components to total carbonic anhydrase activity, no further
purification was undertaken.

(b) Assay Procedure

Assays were performed in duplicate on each of two preparations of
cytosol and membrane fractions. Each was assayed at both the appropriate
acclimation temperature (2°, 10° or 18°C) and a common assay temperature
(25°C). Assessment could then be made of enzyme activity under in vivo
temperature conditions, as well as enzyme activity modifications that
result from thermal acclimation.

The reaction mixture used was based on the ability of carbonic anhy-
drase to break down p-nitrophenyl acetate to nitrophenol and nitrophenolate.
Both products absorb light equally at 348 nm; therefore, product formation
can be readily monitored and converted to uM substrate catalyzed. Since
other esterases present in cells can also break down p-nitrophenyl acetate,
carbonic anhydrase activity was determined by estimating the total esterase
activity (including that of carbonic anhydrase), and carrying out a second
assay with the same enzyme preparation prepared with a carbonic anhydrase
inhibitor, acetazolamide, present. The difference in substrate conversion
between the two assays was attributed to carbonic anhydrase.

Assays without inhibitor were carried out in the following manner.

A 0.2 ml volume of cytosol or membrane preparation was pipetted into 0.8
ml of 125 mM Tris-H,S0, buffer (pH 7.5) and pre-incubated at the appropriate

2774
temperature for 2 minutes. To this was added 1.0 ml of 3 mM p-nitropheny]
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acetate, in 3% aqueous acetone. The reaction mixture was allowed to pre-
incubate for 20 seconds (which is adequate for thermal equilibration) and
then drawn into the temperature-controlied cell of the Spectronic 700.
Changes in absorbance were monitored for 4 minutes at 348 nm using a Fisher
Recordall series 5000 recorder. Assays involving inhibitor were carried
out in the same manner for each enzyme preparation using 0.8 ml of 125 mM
Tris-H2504 buffer (pH 7.5) containing 125 mM acetazolamide.

The assay presents a number of problems worthy of mention. The sub-
strate p-nitrophenyl acetate is not sufficiently soluble to give the con-
centrations required for Vmax activities. Consequently, enzyme velocity
is governed by the substrate concentration of the assay. If the reaction
is allowed to proceed for long periods of time it reduces the substrate
concentration and therefore measured activity. This can be largely over-
come by allowing the enzyme to act for relatively brief periods of time,
i.e., intervals of not more than a few minutes (P. Nicholls, personal
communication). Therefore, activity calculations were made only on the
linear portion of the absorbance vs. time curve found immediately after
introduction of the reaction mixture into the flowthrough cell and attain-
ment of the assay temperature (a matter of seconds). The maximal breakdown
of substrate was, in all cases, less than 0.6%/minute, and substrate con-
centration was not seriously diminished. Thus, the velocity of the reaction
did not seriously change with time. Since all preparations were compared in
the same manner and activities calculated from the same sections of the
absorbance vs. time curve, the results are regarded as being at least com-
parable to each other.

Protein determinations used in calculating specific activity values
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were performed by a modified Lowry technique (Albro, 1975). Since the red
blood cells contain a great deal of hemoglobin which is not associated with
any enzyme activity, the hemoglobin content of each fraction was determined
using the technique of Anthony (1961) previously described. Hemoglobin
content was then subtracted from total protein and specific activities

calculated on the basis of non-hemoglobin protein.

Statistical Analysis

A1l statistical analyses were carried out using a Wang 2200 desk top
computer (Wang Laboratories Inc., Tewksbury, Mass.). Single classification
analysis of variance was used to evaluate differences between groups. All
data were subjected to logarithmic or arc-sin transformation prior to
analysis and significance attributed to differences at the P < 0.05 or
P < 0.01 Tevel.

Both linear and geometric regression analysis was performed using the
lTeast squares method. In the case of linear regressions, data points (X,Y)
were fitted to the line Y = A + BX. When geometric regressions were per-
formed, data points were fitted to the curve Y = AXB by taking the log of
both sides of the equation [Log(Y) = Log(A) + Blog(X)] and reducing the
problem to a linear regression where data points (X',Y') are fitted to
Y' = A' + BX' and Y' = LogY, X' = LogX and A' = LogA.

The coefficients of correlation for the regressions were then analyzed

to determine the significance of the fit. Again, significance was attributed

only to fits at the P < 0.01 or P < 0.05 levels.



RESULTS AND DISCUSSION

Hematological Variation Following Thermal Acclimation

Rainbow Trout

Thermoacclimatory and seasonal hematological variations in rainbow
trout are summarized in Table 3 and Appendices 2 and 3 . The hematology
of rainbow trout showed little change with either temperature or season.
Mean blood hemoglobin Tevels (Table 3a) of summer fish acclimated to 2°,
10° and 18°C, and winter fish at 2° and 10°C were within 2% of each other.
The most extreme variation seen occurred in winter fish held at 10° and
18°C. In this case mean hemoglobin decreased from 8.22+0.259 (10°C) to
7.59+0.432 g%, but the difference was not significant. Like hemoglobin,
hematocrit showed no significant change with temperature or season (Table
3b). Although mean values for summer fish were slightly higher than those
of groups sampled during the winter, the maximum differences were only
30.8+1.57 (winter, 18°C) and 33.7+£0.716 (summer, 10°C).

Summer-sampled fish exhibited what might be regarded as 'appropriate'’
hematological response in that Targer numbers of cells (Table 3c) having
smaller volumes (Table 3d) were found at 10° as compared to 2°C (P < 0.05).
Such trends should increase the rate of oxygen diffusion into the cells by
decreasing the diffusion pathway (Holland and Forester, 1966), and would
therefore facilitate oxygen loading at the gills. However, the overall
oxygen-carrying capacity of the blood, which is governed by the hemoglobin
content was little altered and the mean erythrocytic hemoglobin content
actually decreased at 10° as compared to 2°C (P < 0.01, Table 3e). The

summer series of fish showed no significant changes in red blood cell
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Table 3

A summary of hemogToh1n (Hb, /100 m1), hematocrit {PCV, /), erythrocyte
numbers (RBC, x10° ®/im ), mean erythrocylic volume (MEV, u°) and hemoglobin

content (MEHDC, mM/cell x10712
Reported as the mean + 1 standard error of the mean.

(Salmo gairdneri).

} of thermally-acclimated rainbow frout

Acclimation Temperature Significance
Measurcment | Season 2°C ! 10°C i 18°C 25 10°C  18°C
- 1
Hb  3a Summer | 8.12:0.228 | 8.2010.207 | 8.07:0.274| _ I.S.
N.S.
N.S.
Winter | 8.0610.253 | 8.22+0.259 | 7.59:0.432 N.S.
N.S.
N.S.
*N.S.  N.S. M.S.
Lpcy 3b Summer | 32.8:1.11 33.7:0.716 | 33.2+1.03 | N.5.
' K.S.
NS,
Winter | 31.5+6.927 | 31.6:1.06 | 30.841.57 M.S.
NS
N.S
*N.S.  N.S. N.S,
RGC 3¢ Sumaer | 1.1944.76x | 1.36+4.37x | 1.33+5.64x1 p<0.05 I
16-2 ! 10-2 16-e ~ON.S.
! N.>
Winter | 1.32+5.25x | 1.2315. 97x | 1.28+5.93x|  N.S.
10-2 10-2 10-2 NS,
N.S. t
*N.S.  N.S. N.S
MEY 3d Summer | 277x9 83 252+6.3) 255112.1 p<0.05
N.S
NS
Winter | 241.6.69 26318 .60 242£6.50 | p<0.05
p<0.05
N.S.
!*p<o.01 N.S.  N.S.
] S
{EHLC 3e Summer | 1.07:3.23x 10.939¢2.11 0.991£5.07x p<0.01
10-2 x10-2 10-2 NS,
| N.S. o
- PO | [
Uinter |0.956'2.75x | 1.07°3. 89x 0. 923e2 6 f NS, !
10-2 107¢ 0- f T p<Gmt
P NS, ;
i’ <0.01 p<0. 01 N.S. j

*significani differences between seasons
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numbers, volume or hemoglobin content between 10° and 18°C, although the
mean erythrocytic hemoglobin content decreased slightly.

Winter fish exhibited some significant changes in hematological
status, but these did not, on the whole, appear to be consistent with
adaptive adjustment. For example, red cell count (Table 3c) showed no
significant change with acclimation temperature. Mean erythrocytic
volume (Table 3d) increased significantly between 2° and 10°C (P < 0.05),
but then decreased between 10° and 18°C (P < 0.05). Cell volumes at 18°C
were not significantly different from those found in fish acclimated to
2°C. A similar trend was observed in mean erythrocytic hemoglobin content
(Table 3e). This increased between 2° and 10°C but decreased significantly
(P < 0.01) at 18°C to mean values below those observed at 2°C. Although
some significant seasonal differences in mean erythrocytic volume and
hemoglobin content were found (Tables 3d and 3e respectively), these were

inconsistent in nature.

Carp

Hematological data on carp acclimated to 2°, 16° and 30°C are
summarized in Table 4 and Appendix 4. Like trout, carp showed few
significant hematological changes with acclimation. Unlike the trout,
however, the trends exhibited were consistent with adaptive response, and
in many cases, approached significance. The most obvious of these occurred
between 16° and 30°C. Mean hemoglobin levels (Table 4a), packed cell
volumes (Table 4b) and red cell counts (Table 4c) increased with temperature,
and would be expected to slightly amplify oxygen carrying capacity of the blood.
Coupled with these was a significant (P < 0.05) reduction in the mean

erythrocytic volume (Table 4d) between 16° and 30°C which should facilitate
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A summavry of hemoglobin {Hb, g/100 m1), hematocrit (PCV, %), erythrocyte

numbers {RBC, x106/mm3), mean eryLhrocytic volume (MEV, us) and hemoglubin

content (MEHDBC, mM/cell x107
Reporied as the mean + 1 standard error of the mean.

carpio).

]?)

of thermally-acclimated carp (Cyprinus

o e e e e s

Acclimation Temperature

Significance

Feasurenent | Season 2°C 16°C 30°C 2°C 16°C 30°¢C
Hb 4a Spring 7.5140.214] 7.54:0.264 | 8.18+0.362 N.S.
N.S.
PCY 4b Spring 32.9+0.951] 32.311.16 33.411.51 N.S.
N.S.
NS,
REC 4c Spring 1.48+5.37x| 1.4816.58. | 1.6747.90¢; _ N.S.
10-2 10-2 10-¢ NS
NS,
Mey 4d Spring 226+9,94 222:8.36 202:5.53 | N.S
in.s.
p<0.05
MCHBL de Spring |0.795:2.47x|0.802+4.12x |0.767:2.27x| _N.S.
10-2 102 10-2 N.5.
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oxygen diffusion into the cell at higher temperatures. Interestingly,
mean erythrocytic hemoglobin content (Table 4e) decreased slightly be-
tween these temperatures.
In general, the data obtained for rainbow trout compared well with
earlier observations on this species (DeWilde and Houston, 1967; McCarthy
et al., 1973; Denton and Yousef, 1975), while those for carp were well
within ranges reported by Houston and DeWilde (1968) and Houston et al.
(1976).
Seasonal and thermoacclimatory variations observed in trout were
generally consistent with those noted by DeWilde and Houston (1967) in
summer and fall-winter groups of this species following acclimation to
temperatures ranging from 3° to 21°C. It should be noted, however, that
DeWilde and Houston (1967) found pronounced trends. Red blood cell count
and blood hemoglobin increased, and the mean erythrocytic volume decreased
slightly at higher acclimation temperatures. The thermoacclimatory
variations in carp noted in the present study were remarkably consistent
with the results obtained by Houston and DeWilde (1968), who also reported modest,
mostly non-significant increases in blood hemoglobin, hematocrit and erythrocyte
numbers with some decrease in mean erythrocyte volume at increased temperatures.
The absence of any marked change in the oxygen carrying capacity of
the blood with thermal acclimation has been reported in other species of
fish as well. Thermal acclimation produced 1ittle change in the hematology
of goldfish (Anthony, 1961; Faulkner and Houston, 1966; Houston et al.,

1976) or in bluegill sunfish, Lepomis gibbosus, white sucker, Catostomus

commersoni, and goldfish x carp hybrids (Houston et al., 1976). However,

Houston and Cyr (1974) and Houston and Rupert (1976) observed significant
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increases in the hemoglobin content and packed cell volume in goldfish
with acclimation temperature, and in the case of Houston and Cyr (1974)
such responses were also exhibited by rainbow trout.

The Tack of consistency in response to ostensibly similar conditions
raises a number of questions for which adequate answers are not yet avail-
able. One factor which may at least partially determine whether a fish
will respond to a thermal stress is weight. When metabolism (M, kcal/time)
is plotted against weight (W, kg), a geometric relationship often results.

b, where k is a constant

This can be described by the relationship M = kW
(kcal/kg/time) and b an exponent. Table 5 (from Prosser, 1973) summarizes
exponents relating weight to metabolism in a number of species. A plot of
oxygen consumption per weight versus weight for goldfish clearly reveals
that smaller fish have higher metabolic rates per unit body weight than do
larger fish (Fig. 2). Although the relationship of animal size and meta-
bolic rate is complex, such observations are in part due to two factors.
With growth there is a disproportionate increase of tissues of low meta-
bolic activity (bone, fat, and connective tissue) as compared to those of
higher metabolic activity such as liver, kidney, gill and muscle (Prosser,
1973; Denton and Yousef, 1976). Second, within the same species existing
evidence suggests that the tissues of smaller animals possess larger
oxidative capacities than do larger ones (Dehnel, 1958; Prosser, 1973).
Weight-specific differences in metabolic activity imply that the
oxygen requirements of smaller specimens would be increased more than
those of larger animals for any given rise in ambient temperature (see
Fig. 2). Thus, hematological compensation in the form of an increase in

the blood oxygen carrying capacity might well be more pronounced in smaller



Fig. 2. The effect of body size on weight-specific standard
oxygen consumption of goldfish acclimated to 10° and
35°C. Plots are calculated from the data of Beamish

and Mookerjii (1964).

Table 5. The coefficients b and K for various species of fish

relating weight (W, kg) to metabolism (M, kca]-hr’1),

according to the equation W = KMb (from Prosser, 1973).
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Fig. 3a to c.

The weight-specific variations in blood hemoglobin
(Hb), hematocrit (PCV) and red blood cell count
(RBC) of carp acclimated to 2°, 16° and 30°C. Shown
are the best fitting plots of geometric regressions
performed on the data along with the significance
Tevels of the correlation. Additional information

describing the plots can be found in Appendix 37.
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animals.

To examine this possibility, geometric and linear regressions were
calculated for the relationships between the blood parameters measured
and specimen weight at each acclimation temperature. The most interesting
results were found for carp, and these are summarized in Figures 3(a) to
(c). At temperatures of 2° and 16°C weight was not significantly corre-
lated with hemoglobin content (Fig. 3a), hematocrit (Fig. 3b) or red cell
count (Fig. 3c). At 30°C, however, the best fitting lines of all para-
meters decreased in a geometric fashion with increases in weight. Corre-
lation coefficients were significant at the P < 0.05 or P < 0.01 Tevel.
This is, of course, consistent with weight-specific differences in the
oxygen needs of smaller fish. The curves obtained have much the same
characteristics as those depicted in Fig. 2 where weight-specific oxygen
consumption is plotted as a function of weight.

If these results are of general application, they may account in large
measure for earlier inconsistent findings. For example, 20 g specimens
might show large changes in blood hemoglobin at acclimation temperatures
2°, 16° and 30°C, while fish at weights in excess of 100 g would exhibit
little response (Fig. 3a). This would be the case for other hematological
parameters as well. In this respect it is interesting to note that in
this Tlaboratory, using similar techniques, Houston and Cyr (1974) found
marked and significant increases in hemoglobin content with acclimation
to 35° as compared to 2°C in goldfish ranging in weight from 12.7 to 15.3*
g. Houston and Rupert (1976) using goldfish in the 22 to 38 g range found

moderate but still significant increases in hemoglobin with temperature,

*
ranges in these cases are expressed as the 95% confidence interval



Fig. 4a. The weight-specific variation of plasma calcium in carp
acclimated to 2°, 16° and 30°C. Shown are the best
fitting plots of geometric regressions performed on the

data along with the significance Tevels of the correlations.

Figs. 4b to d. Geometric regression of the hematological parameters
(blood hemoglobin (Hb), hematocrit (PCV) and red blood cell
count (RBC)) against plasma calcium levels of carp
acclimated to 30°C. The best fitting plot of the geometric
regression is shown, along with the significance level of
the correlation. The units for the hematological parameters

are the same as those in Fig. 3.

Additional information describing the plots can be found

in Appendix 37.
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while Houston et al. (1976) using larger goldfish (44.1 to 60.6* g) found
no significant (P < 0.05) differences in animals held at 5° and 30°C.
These observations are consistent with the type of variation suggested by
Fig. 3a.

There is some evidence (Perris, 1971) that hemopoesis is related to
plasma calcium levels, and that increases in red cell abundance can be
related to corresponding changes in plasma calcium. Therefore, a similar
analysis of weight-related variation in calcium was also carried out for
carp. When plasma calcium was geometrically regressed against fish weight
(Fig. 4a), values for specimens acclimated to 30°C produced inverse rela-
tionships similar to those encountered with hematological parameters. To
see if hematological response could be related to plasma calcium,regression
equations were then calculated for hemoglobin (Fig. 4b), hematocrit (Fig.
4c) and red cell count (Fig. 4d) against calcium. Direct and significant (P<0.05,

P < 0.01) correlations were observed for each of the hematological para-
meters of 30°C specimens. Interestingly, in the one case where hemoglobin
increased with weight (Fig. 3a, 2°C) the plot of plasma calcium vs hemo-
globin was inverse in character (Fig. 4b, 2°C). This would also be con-
sistent with a presumed relationship between plasma calcium and hematolo-
gical response.

Although 1ittle literature is available on the relationship between
plasma calcium and hemopoetic activity in the tissues of fish, relation-
ships of this type have been found in mammalian systems. Perris (1971),
in reviewing his own experiments, indicated that calcium strongly effects

the events leading to mitosis. For example, in rats, periods of maximal

*
ranges in these cases are expressed as the 95% confidence interval
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growth were shown to coincide with increases in thymus and bone marrow
mitotic activity and these paralleled increases in ionized plasma calcium

Tevels. Further experiments indicated that under in vivo and in vitro

conditions mitotic activity in these tissues could be increased by arti-

ficially elevating calcium levels. Increased calcium Tevels were also

seen after acute blood loss, and were linked to increases in red blood

cell production. Intraperitoneal injection of CaC12 into rats resulted
59

in a surge of reticulocyte formation in bone marrow, and increased ““Fe

incorporation into red blood cells. In most in vivo experiments para-
2
)

thyroid hormone administration (which is known to increase plasma Ca+
prompted the same effects as CaC12 injection. Experiments indicated
that increases in plasma calcium produce increased cellular cyclic AMP
levels which, in turn, stimulate phosphorylation of histones, permitting
replication of DNA and mitosis.

The correlations observed between hematological status and plasma
calcium tend to support the view that in fish, as in mammals, the hemo-
poetic system may be Ca+2-triggered. The basis of the observed size
differential remains uncertain at present. It is appropriate to note,
however, that smaller animals are characterized by more rapid growth rates
than larger specimens. Since growth is associated with a rapid deposition
of bone which relies on plasma calcium, smaller animals are perhaps
developmentally pre-adapted, in a sense, to more pronounced hematological
response by virtue of their higher plasma calcium levels. The nature of
calcium metabolism and regulation by fishes is, however, not well under-
stood. Much the same is true of the basis for the temperature-related

differences in calcium response encountered. What does seem clear, how-



(a)

(b)

Table 6a and b

Linear regression analysis of the henatological parametlers and plasma Ca*?

{y) against weigit (x) in thermally-acclimated vainhow trout {Salmo gairdneri}.
The data reported is n (sample size), cc {coefficient of correlation), as well
as the level of significance (NS., p<0.05, p<0.01) and the best fitting line

of the relationshnip,

Reqronsod | Acclimation Temperature
Against Season 2°C 10°C 18°C
Weight )
{g) L
Hb Summeyr [ n = 17 n=17 n =18
{g/100 m1 cc = 0.003 NS. | cc = 0.332 NS. | cc = 0.300 NS, ¢
blood) y = -0.,00005x ¢+ 8,13 y = -0.0043x + 8.84 |y = -0.008x + 9,05 :
Winter | n = 27 n=21 n =20
cc = 0.078 NS. 1 cc = 0.1495% NS. | cc = 0.5081 p<0.05
y = 0.002x + 7.49 y = 0.003x +7.19 y = 0.018x + 2.37
PLV % Summer | n = 17 n=17 n-18 i
cc = 0.563 p<0.05 i cc = 0.380 NS. | cc = 0.478 p<0.05
y = -0.050x + 39.5 y = —0.017x + 36.3 |y = ~0.047x + 38.8
Winter [ n = 27 n =21 n 20
cc = 0.097 NS.1ce = 0.093 NS. | cc = 0.403 NS.
y = ~0.009x + 34,1 y = 0.008x + 28.9 y = 0.052x + 15.67
RBC6 3 Summer {n = 17 n=17 n =18
X107 /mm cc = 0.131 NS. [cc = 0.558 p<0.05cc = 0.429 NS.
blood y = -0.0005x + 1,26 {y = -0,0015x + 1.591y = -0.002x + 1.63
Winter |{n = 27 n =21 n =20
cc = 0.002 NS. lecc = 0.155 NS. [ cc = 0.347 NS.
y = 0.00001x + 1.31 |y = 0.0008x + 0.981 }y = 0.002x 4 0.787?
Plasma summer jn = 17 n =17 n =17
Cat2 cc = 0.008 NS. | cc = 0.046 NS. |cc = 0.235 NS.
mEq/2 y = 0.06009x + 4.64 |y = -0,0006x r4.74 1y = 0.004x + 4,19
Winter (n = 24 n=18 n=15
cc = 0.060 NS. | cc = 0.310 NS, |cc = 0,342 NS,
y = 0.0007x + 4.82 = ~0,007x + 5.54 0.004x + 3.66

Linear regressior analysis of plasma Ca+? (y) against the hematological para-
meters (x) in thermally-acclimated rainbow trout (Salwo gairdneri). Reported
in tne same manner as above.

Parameter
Eig:g:ied B Acclimation Tgmperature B e
Plasna Season z2°C 10°C 18°cC
Cai?
(mEq/7)
Hb Summer {n = 15 n=17 n=17
{g/100 m} cc = 0.269 NS. jcc = 0.238 NS. icc = 0.244 NS.
blood) y = 0.191x + 3.13 y = 0.234x + 2.73 y = 0.146x + 3,50
Winter {n = 24 n=18 n =18
cc = 0.253 NS. jcc = 0.249 NS. 'cc = 0.673 p<0.01
y = 0,127« + 3.98 y ~ 0.062x + 4,61 y = 0.2101x + 3.25
PCV % Summer {n = 15 n=17 n=17
cc = 0.341 NS. jcc = 0.124 NS. {cc = 0.242 NS.
y = 0.047x + 3,14 y = 0.03vx + 3.46 y = 0.040x 4 3.36
Winter |n = 24 n =18 n =18
cc = 0.273 NS. jcc = 0.438 NS. jecc = 0.605 p<0.01
y = 0.029x + 4.11 iy = 0.026x + 4.30 y = 0.053x + 3.23
RBC, | Summer |n = 15 ‘no= 17 no= 17
x10°/um” cc - 0.570  p-6.011cc = 0.33¢ NS. lcc = 0.079 NS
y o= 1.87x + 2.44 }y = 1. 5%x + 2.8} ,y - 0.236x + 4.36
inter | n = 24 ‘n =18 18
cc = 0.010 ¥S. e = 0.0% NS, §cc - 0430 RS,
y = 0.022x 4+ 4.99 [y = 0.051x ¢+ 5.04 |y = 1.01x 4 3.58
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ever, is that these characteristics, whatever their nature, apparently
have some potential value in terms of hematological response to temper-
ature in carp.

Comparable analysis of data for rainbow trout lead to inconclusive
results. Geometric and linear regression analysis (of which the latter
is shown in Table 6) showed poor correlations, and few differences
between acclimation temperatures. Many factors may account for this.

The trout used in the study were more homogeneous in weight than carp.
Only 10 out of 120 fish were less than 100 g (40% of the carp were in
this weight range); the weight range in carp showing the largest weight-
dependent variation in hematology. Hence, weight-dependent variations in
trout may have been masked by the use of an inappropriate weight range of
specimens. In addition, this species may not be characterized by compar-
able responses. An important point that should also be made is that even
if trout did show weight-hematological relationships, other factors must
play an important part in determining whether this species will respond
hematologically to temperature change since recent studies (Murphy and
Houston, 1977; Smeda and Houston, 1978) have indicated some appropriate
changes in hematocrit can occur in trout well over 200 g. Such responses
may be linked to sampling season.

In conclusion, rainbow trout, acclimated to 2°, 10° and 18°C, and
carp held at 2°, 16° and 30°C showed 1ittle hematological response
following acclimation. The lack of any marked hematological change with
acclimation has been observed in these species previously (DeWilde and
Houston, 1967; Houston and DeWilde, 1968), as well as in other species

(Houston et al., 1976). Although such changes are of potential value when
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they occur, their absence or inconsistency suggests that hematological
responses probably do not play a major role in the resolution of the
temperature oxygen demand problem. By exclusion, at least, this points
to the probable importance of other modifications at the branchial ex-
changer level or in terms of more subtle hemoglobin changes. The data
did, however, indicate a possible influence of weight in hematological
response to increased temperature by carp; a relationship that was absent

in rainbow trout.

Thermoacclimatory Variations in Plasma Electrolyte Levels

Data pertaining to thermoacclimatory plasma electrolytes are summar-
ized in Appendices 5 to 9 , Table 7, and Figs. 5 and 6. From Table 7,
it can be seen that plasma water changed very 1ittle with thermal acclima-
tion in both rainbow trout and carp. Although statistical significance
was found in two cases (i.e., summer trout between 10°-18°C, P < 0.05;
seasonal change between summer and winter trout at 10°C, P < 0.05), the
changes involved were small. Differences between the means were actually

Tess than 3% in both cases.

Rainbow Trout

Acclimation of trout produced 1ittle change in plasma electrolyte
concentrations. For example, acclimation to 2°, 10° and 18°C leads to no

2 levels between temperatures

significant changes in plasma C1°, Ca+2 or Mg+
(Figs. 5b, 5d and 5e respectively). Similarly, summer trout showed no
significant thermal change in plasma Na* (Fig. 5a). However, in winter
sampled specimens, sodium at 2°C was significantly lower than that at 10°

and 18°C. 1In these cases, the 2° and 10°C groups were significantly



Plasma water content (ZH 0/Z
acclimated to 2°, 10° ang 18
2%, 16° and 30°C.

Table 7

plasma
°C, and carp (Cyprinus carpio) acclimated to
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) in rainbow trout (Salmo gairdneri)

Reported as the mean * 1 standard error of the mean.

Acclimation Temperature Signif. Diff.
Species | Season 2°/2° 16°/10° 30°/18° 2°/2° 16°/10° 30°/18°
Trout Summer | 0.945+0.005(0.957+0.004 | 0.938%0.007 N.S.
_p<0.05
N.S.
Winter | 6.938+0.003{0.940:0.002 | 0.937£0.603 N.S.
’ N.S.
N.S.
*N.S. p<0.05 N.S.
Carp Spring | 0.947x0.004{0.943+0.002 { 0.945+0.005 N.S.
N.S.
N.S.

*significant differences between seasons




Figs. 5a to e. Plasma electrolyte levels (mEq-2_1, plasma) of
rainbow trout acclimated to 2°, 10° and 18°C. The
white bar indicates summer sampled trout while the

black bar represents trout sampled in the winter.

Figs. 6a to e. Plasma electrolyte levels (mEq-z'], plasma) of

carp acclimated to 2°, 16° and 30°C.

For both figures, the horizontal line represents the
mean, vertical 1ine the range and the vertical bar,
the 95% confidence interval of the mean. In the case
of trout, the Tevel of significant difference between
seasonal pair comparisons is shown in brackets while
in both carp and trout the significant difference
level between acclimation temperatures is placed
between the groups being compared. The absence of

a P value indicates that a comparison was not

significant at the P < 0.05 Tevel.
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different at the P < 0.01 Tevel, while comparisons between 2° and 18°C
were significant at the P < 0.05 level. It should, however, be noted that
in no case were increases greater than 9% encountered.

The most dramatic modifications occurred in plasma potassium. Al-
though no significant changes were found in summer trout, winter specimens
at 18°C had mean levels twice those present at 2° and 10°C (Fig. 5c¢).
Significance in excess of the P < 0.01 level was seen in both comparisons.

As was the situation with thermal acclimation, only minor seasonal
changes in plasma electrolyte levels were observed. Significant differences
were found in certain isolated groups (i.e., Fig. ba, Na+, 2°; P < 0.01; Figs

2, 10°; P < 0.05 in all cases),

5b, €17, 10°; Fig. 5¢, K*, 18°; Fig. 5d, Ca’
but differences in mean levels of Na+, €1~ and Ca+2 were minor. In the
case of potassium, however, a large seasonal difference at 18°C was en-
countered. Potassium levels were approximately 50% higher in winter than

in summer fish.

Carp

Carp had higher plasma levels of k* and Mg+2

than the trout. On the
other hand, plasma concentrations of Na+, C1” and Ca+2 were lower in this
species (Fig. 6). Acclimation lead to variations in plasma electrolytes
that were quite different from those observed in trout. For example, in
trout, plasma Na* remained constant or increased at higher temperatures.
In carp, Na* levels decreased with temperature to the extent where concen-
trations at 2°C were significantly different from those present at 16° and
30°C (Fig. 6a, P < 0.01 in both cases). As in trout there was no signifi-
cant change in plasma chloride with acclimation (Fig. 6b). In contrast to

winter trout, carp exhibited no significant change in plasma potassium with
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temperature (Fig. 6¢). Both divalent cations remained stable in trout
while in carp plasma Ca+2 at 16° and 30°C was significantly higher than

2 at 16° and

that found at 2°C (Fig. 6d, P < 0.01 in both cases) and Mg+
30°C was significantly lower than at 2°C (Fig. 6e, P < 0.01 in both cases).

The plasma values presented in Figs. 5 and 6 agree well with seasonal
and thermal changes reported in earlier studies. The lack of any large
acclimatory or seasonal changes in rainbow trout Na+ and C1~ (Figs. 5a
and 5b) is consistent with the findings of Houston et al. (1968) who
studied summer and winter populations of this species at six acclimation
temperatures ranging between 3° and 21°C. In the study performed by
Houston et al. (1968) all groups maintained mean sodium between 140 to
150 mEq/2 while chloride values were within 120 and 130 mEq/%. In another
study (Murphy and Houston, 1977) in which the influence of photoperiod-
temperature interactions upon ion balance were examined in a winter pop-
ulation of rainbow trout, neither acclimation to temperatures between 2°
and 18°C nor photoperiod produced dramatic changes in these electrolytes.
Although some changes significant at the P < 0.01 level were noted, mean
differences in plasma Na* and C1” were always less than 10 mEq/% (=7% change
in magnitude).

Existing evidence indicates that the cyprinid fishes are also able to
maintain near constant levels of both plasma Na* and C1~ over broad temper-
ature ranges. For example, in goldfish plasma concentrations of Na* and
€1~ changed less than 10 mEq/% at acclimation temperatures between 5° and
25°C (Prosser et al., 1970). Similarly, Houston et al. (1970) found that
fall carp acclimated to four temperatures between 2° and 33°C maintained

mean plasma Na® Tevels within a 10 mEq/2 range. Acclimation of this species
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to 7° and 27°C also failed to produce significant differences in sodium
levels in winter sampled fish, and 1ittle change in plasma chloride in
fall fish.

The changes in plasma Na* and C1” found in the present study in carp
(Fig. 6) are consistent with the data presented by Houston et al. (1970).
In the case of plasma chloride (Fig. 6b) no significant change with temper-
ature occurred; although Na* was modified with temperature, the changes
did not exceed 6%. The small decreases in plasma sodium observed with
increases in temperature in the present study may be the result of increased
sodium uptake by the erythrocytes at higher temperatures (see Fig. 8d).

Rainbow trout at a constant photoperiod, and sampled during summer
and winter, exhibited similar plasma Tevels of sodium and chloride as
trout sampled during the summer and winter with no photoperiod control
(Houston et al., 1968). In view of this, as well as the lack of any large
differences in the values obtained in the present study and that of Murphy
and Houston (1977), it seems probable that season and photoperiod exert
little influence upon either of these major plasma electrolytes.

The maintenance of near constant levels of Na+, C1™ and water in both
rainbow trout and carp (Figs. 5 and 6, a and b; Table 7) was somewhat
surprising. Al1l pass more or less readily across the gills, and large
concentration differences exist between the plasma and external medium.
Increases in branchial ventilation and perfusion at higher temperatures
enhance water electrolyte fluxes across the gills (Randall et al., 1972).
Some appreciation of the homeostatic feat involved in maintaining constant
levels of these electrolytes (a process that involves the renal excretion

of water (McKay, 1974) and the active uptake of Na* and C17 at the gills)
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can be gathered from water-electrolyte flux studies. For example, Motais
and Isaia (1970) found that60 g eels acclimated to 5°C had a water turn-
over amounting to about 14% of the total body water per hour. Acclimation
to temperatures of 25°C increased this nearly three times to a turnover of

1

A1%hr~ ' . Likewise , Isaia (1972) found that goldfish replaced their body

1 at 5°C. When acclimated to 25°C water turn-

water at a rate of 25.2%<hr”
over was 1.35 times the total body water content per hour. Maetz (1972)
found that the unidirectional sodium uptake of goldfish (presumed to
counteract the loss of this ion) decreased by approximately 60% when fish
acclimated to 16° were transferred to 6°C. Cameron (1976) found that

transferring Arctic grayling, Thymallus arcticus, acclimated at 10° into

17°C water produced a 70% and 258% increase respectively in sodium and
chloride uptake. Since it is likely that the same types of compensatory
pressures were placed on both carp and trout within the present study, the
ability of these fish to maintain mean plasma water levels within 3% (Table
7) and mean sodium and chloride changes within 10% (Figs. 5 and 6, a and b)
constitutes a remarkable homeostatic feat.

Magnesium, calcium and potassium losses across the gills are probably
small. In the case of these electrolytes there is Tittle gradient between
plasma and the external medium. In freshwater, Mg+2 concentrations partic-
utarly are often such that external levels of this ion are actually higher
than those found in most fish plasmas (Hutchinson, 1957). Furthermore,
potassium has been shown to be highly impermeable across the gill epithelium,
a condition that likely exists with Mg+2 and Ca+2.

The marked differences between summer and winter trout with respect to

temperature-related changes in potassium (Fig. 5c) raises an interesting

* Anguilla anguilla
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problem. In summer fish, no significant differences were found with tem-
perature. However, in winter fish acclimation to 18°C was associated with
a near doubling in potassium by comparison with the levels seen at 2° and
10°C. This anomaly was first observed by Houston et al. (1968). Summer
sampled fish acclimated to temperatures between 3° and 21°C held potassium
levels within 0.5 mEq/2. Among winter fish, however, potassium rose from
approximately 2.5 mEq/% at 3°C to about 6 mEq/2 at 21°C. The significance
of this is uncertain. It occurs only in winter trout at unseasonably high
temperatures, and may indicate nothing more than a breakdown in regulation
under anomalous temperature conditions. Furthermore, such a response may
have deleterious effects. Heath and Hughes (1973) cited that high potassium
levels possibly produce bradycardia in rainbow trout at high temperatures,
forcing the heart into a diastole, or relaxed state.

In the rainbow trout plasma Ca+2 and Mg+2 did not vary with tempera-
ture or season (Figs. 5d and e). This is consistent with the limited data
reported by Houston et al. (1968). Carp at 2°C, on the other hand, had
higher levels of Mg+2 and Tower Ca+2 concentrations than were present at
16° and 30°C (Figs. 6d and e, P < 0.01). It should, however, be pointed
out that quantitatively these differences were small and their physiological
significance, if any, is minimal, especially since reports on other thermal
acclimatory studies of carp (Houston, 1973) indicate that there is Tittle

change in these electrolytes with temperature.

Thermoacclimatory Variations in Erythrocytic Electrolyte Levels

Electrolyte concentration within a cell may be altered by modifications
in the partitioning of ions between the interior and exterior of the cell

and by changes in cell water content. In both rainbow trout and carp,
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s , \ . X . .
Erythrocytic water content (ZHZO/”ce]ls) in rainbou trout (Salmo gairdneri)

acclimated to 2°, 10° and 18°C, and carp (Cyprinus carpio) acclimated to

2°, 16° and 30°C.

Reported as the mean t 1 standard error of the mean.

Acclimation Temperaiure

Signif. Diff.

Species | Season 2e/2°0 16°/10° 300/18° 2°/2° 16°/10° 30°/18°
Trout Summer | 0,78310.0160,799+0.008 | 0.781+0.008 N.S.
N.S.
N.S.
Winter | 0.801£0.0060.78940.005 | 0.78240.00/ | _N.S
H.S
p<0.05
*N.S N.S N.S
Carp Spring | 0.76320.009]0.748£0.010 | 0.75620.,008 N.S.
N.S.
N.S

*Significant differences between seasons.
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erythrocytic water content showed little change with thermoacclimation
(Table 8). Consequently, observed electrolyte changes were attributed
to changes in ion Tevels within the erythrocytes.

Representation of cellular electrolyte concentrations in terms of
mEq/JLH20 is not accurate in all cases. It gives acceptable values for
Na+, K+ and C1~ concentrations, since these ions appear to occupy the
total HZO space of the cell (Gary-Bobo and Solomon, 1968). Concentra-
tions of Ca+2 and Mg+2 present in cell water, however, are not depicted
correctly since much of the Ca+2 and some of the Mg+2 is bound and there-
fore not dissolved in water (Bunn et al., 1971). Because of this
the results reported in this section have been expressed in terms of
mEq electrolyte per Titre of cells. This is the more appropriate state-
ment of cell ion levels since it makes no reference to the distribution
within the cell. It should be noted, moreover, that neither the character
of the variations observed nor differences in significance were found
following the expression of values in mEg/litre of packed cells as com-
pared to mEq/litre cell water. Thus, the interpretation of the results
does not change with the units used. Appendices 15 to 19 provide values
for red cell electrolyte levels expressed in mEq/zHZO. These were re-
quired for the calculation of Nerst potentials, and in the discussion
of some aspects of hemoglobin function. Thus, reference to ionic levels

in mEq/SLH20 will be made when it is appropriate.

Rainbow Trout

Data for rainbow trout are summarized in Figs. 7a to e and in
Appendices 10 to 12. These animals maintained erythrocytic levels of

chloride (Fig. 7a), magnesium (Fig. 7b) and calcium (Fig. 7c) at relatively



Figs. 7a to e. Erythrocytic electrolyte levels (mEq-z'], packed
cells) of rainbow trout acclimated to 2°, 10° and 18°C.
The white bar indicates summer sampled trout while the

black bar represents trout sampled in the winter.

Figs. 8a to e. Erythrocytic electrolyte levels (mEq-z-], packed

cells) of carp acclimated to 2°, 16° and 30°C.

For both figures, the horizontal 1ine represents the
mean, vertical line the range and the vertical bar, the
95% confidence interval of the mean. In the case of
trout the level of significant difference between
seasonal pair comparisons is shown in brackets while

in both carp and trout the significant difference level
between acclimation temperatures is placed between the
groups being compared. The absence of a P value indi-
cates that a comparison was not significant at the

P < 0.05 level,
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Eonstant values over the range of acclimation temperatures used. No
significant changes with temperature were found. Erythrocytic sodium
(Fig. 7d) on the other hand, was lower at 18° than at 2°C in both summer
and winter test groups. In the case of winter fish, significant (P < 0.05)
decreases in sodium were observed between 2° and 10°C, and 2° and 18°C.
Summer fish maintained sodium Tevels constant between 2° and 10°C, but
exhibited Tower levels at 18°C. The latter decrease approached signifi-
cance (i.e., it was significant at the P < 0.10, but not at the P < 0.05
level). Acclimation affected potassium levels more markedly (Fig. 7e).
Summer fish were characterized by near Tinear increases in cell potassium
with increasing temperature; the differences encountered being significant
at each successive acclimation level. Winter fish exhibited a similar
trend. Values for 10° and 18°C acclimated fish were significantly higher
than the levels seen in 2°C fish.

Summer and winter groups exhibited some differences in electrolyte
levels, although these did not alter the nature of the thermal response.
Indeed, only in the case of chloride (Fig. 7a) and sodium (Fig. 7d) were
significant seasonal variations absent. Levels of magnesium (Fig. 7b) and
potassium (Fig. 7e) were significantly lower (P < 0.01 in nearly all cases)
and calcium levels higher (P < 0.01 in all cases) in summer as compared to
winter trout at all acclimation temperatures. It should be pointed out,
however, that although significant seasonal differences existed, the
actual magnitudes of these differences were again quite modest, and may

have Tittle real physiological relevance.

Carp

Data for carp are summarized in Figs. 8a to e and Appendices 13 and 14.
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Carp erythrocytes were characterized by somewhat lower levels of chloride
(Fig. 8a) and sodium (Fig. 8d), and higher levels of magnesium (Fig. 8b)
than the erythrocytes of trout. Calcium (Fig. 8c) and potassium (Fig. 8e)
levels were nearly identical in both species.

Major differences between the species were found with respect to the
magnitude and nature of the electrolyte changes accompanying acclimation.
Chloride and magnesium, which are important modulators of hemoglobin-
oxygen affinity, were relatively stable in rainbow trout, but exhibited
marked variation in carp. Chloride increased in near-linear fashion with
temperature. Carp at 30°C had 1.6 times the chloride level found at 2°C
(Fig. 8a). Differences significant at the P < 0.01 level existed between
all pairs of acclimation temperatures. At 30°C magnesium was significantly
reduced (P < 0.01), and was 25 to 30% below the values seen at 2° and 16°C.
As was the case with rainbow trout, calcium levels were remarkably stable; mean

values, remained within +0.05 mEq/2 between acclimation temperatures (Fig. 8c).

cells
Erythrocytic sodium exhibited interesting thermoacclimatory variations
(Fig. 8d). At 2°C only one out of the 13 carp sampled gave evidence of any

sodium within the erythrocyte (Appendix 14, CP-27, 0.86 mEq/% ). Among

cells
animals held at 16°C, nine showed appreciable amounts of sodium, while three
fish apparently had none (Appendix 14). At 30°C, erythrocytic sodium was
sharply elevated, and all fish sampled had at least some sodium (mean level

).

Variations in potassium with temperature also differed in the two

8.77+0.843 mEq/!LCeHS
species. In trout potassium increased sharply at higher acclimation
temperatures while in carp this ion remained reasonably constant with

temperature (Fig. 8e). At 30°C cell potassium significantly increased
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above levels found at 16°C; however, the actual mean concentration change
was not great.

These electrolytes serve three primary functions in the erythrocyte.
They are involved in volume regulation, as effectors of metabolism and
modulators of hemoglobin-oxygen affinity. Taking into account the adaptive
requirements of thermoacclimation, some speculations upon the consequences

of the changes observed in carp and trout would seem to be warranted.

Erythrocytic Electrolytes and Volume Regulation

One of the more consistent hematological features of thermal acclima-
tion is a greater or lesser reduction,but seldom an increase in mean eryth-
rocytic volume at acclimation to higher temperatures. The adaptive value
of this in terms of red cell oxygen loading was noted earlier. Among higher
vertebrates the adjustment of erythrocyte volume normally involves the
transfer of ions and active sodium transport plays a particularly important
role in this process (Macknight and Leaf, 1977). To examine the involve-
ment of electrolytes in the regulation of red cell volume in fishes, values
for mean erythrocytic volume were regressed against all individual electro-
lytes and electrolyte summations on a per temperature basis and, in the
case of trout, for the two seasonal groups considered. In no case was the
anticipated positive correlation between cell volume and cell electrolyte
levels found. Similarly, there was Tittle correlation with plasma electro-
lyte levels. Plots of MEV against I cellular cations and chloride (Fig. 9)
for summer trout and carp, indicated that cell volume actually decreased
with increased electroliyte levels. This relationship is clearly incompat-
ible with the hypothesis that either species alters MEV through manipulation

of cellular ion levels, and points to the Tikelihood that cell volume control



Fig. 9.

Linear regressions of mean erythrocytic volume
against the sum of the erythrocytic cations (Na+,
K+, Mg+ and Ca+2) plus chloride for carp acclimated
to 2°, 16° and 30°C (Fig. 9a) and summer rainbow
trout acclimated to 2°, 10° and 18°C (Fig. 9b).
Shown is the best fitting Tine and its equation,

the sample size (N), the coefficient of correlation
(c.c.) and the significance Tevel of the correlation
(P < 0.05, P <0.01). Additional information des-

cribing the plots can be found in Appendix 37.
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may involve other osmotically active solutes.

Such a system has, in fact, been identified in the f1ounder*(Fuge11i,
1967). These animals undergo a 20% decrease in plasma osmolarity when
migrating from salt to fresh water. If the erythrocytes of saltwater
specimens are placed in plasma diluted by 20% they initially swell.
However, volume is then regulated through the export of as yet unidentified
ninhydrin-positive substances. Cell volume regulation by the adjustment of
organic solute levels is not uncommon. Nerve cells from the freshwater
crab, Eriochoir, increase free amino acids in concentrated saline (Gilles
and Schonffeniels, 1969). In fact, many marine invertebrate animals osmo-
regulate when faced by varying salinity conditions by modifying cellular
concentrations of nitrogenous organic molecules (reviewed by Prosser, 1973).

The control of erythrocyte volume through the adjustment of organic
rather than inorganic ion levels would seem to offer distinct advantages.
For example, electrolytes are known to affect metabolism (Bygrave, 1967)
as well as the oxygen binding properties of hemoglobin. Intracellular
electrolyte levels could be modified to suit these functions, rather than
the functions relying on the particular ionic environment needed to regu-
late volume.

The independence of electrolyte concentrations and cell volumes may
be of benefit in other ways. In carp particularly, and also in summer
rainbow trout, the erythrocytic ¥ cations as well as the mean I cations +
chloride increased with acclimation temperature. These parameters either
decreased slightly, or remained constant in plasma (Tables 9A and B).

Such a situation might be expected to produce osmotic increases in cell

volume. In fact, as Table 9C indicates, mean erythrocytic volume decreases

*
Pleuronectes flesus
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Table 9

The % cations and the T cations + chloride present in the erylhrocytes
and plasma as well as the mean erythrocycic volums in carp {Cyprinus
carpio) acclimated o 2°, 16v and 30°C and summer rainbow trout (Salmo
geiraneri) acclinated o 2°, 10° and 18°C. Reporied as Lhe prean + |
standard error of the mean.

A. Erythrocytic Elecrrolytes

_Acclimation Tempe-ature __* Signif. Diff.
Species Measurement 2°/2° 160/100‘—1 30°/18¢ 2¢/2° 16°/10° 30°/18°
Carp Erythrocytic | 1341243 136:4.15 14513.20 __N.S.
I cations N.S.
mEq/l H20 p<0.05
R. Trout 163+4 .49 166-3.46 1173.0+1.98 N.S.
(Summer) NS,
p<0.05
Carp Erythrocytic | 194+2.723 21424 .44 241:4 .12 _p<0.01 _]
I cations + __p<0.0v
chloride
mEq/L 1,0 p<0.01
R. Trout 26616.39 267+5.00 278+3.94 NS,
(Summey ) N.S.
N.S. ;

B. Plasna Elestrolytes

- 1

farp Plasma 15441 .67 14741 40 1451 .24 p<0.0%
I catiors NS,
mEq/1 plasma p<0.01
R. Trout 16812.85 164:2.16 16242.16 NS,
NS
NS
Carp Plasma 261£3.51 26142.24 258+2.13 __N.S.
I cations + N.S.
chloride N.¢
] __tiEq/1 plasma - A - ]
R. Tront 299+3.65 29144 .36 2921215 NS
{Sunmer) NS
N.S
€. Mean Erythrocytic Volume
Carp Erythrocyte 22619.94 | 202+8.36 202:45.,53 E __N.S.
Volune l N.S.
u p<0.05
R. Trout 277:9.83 252+6.31 2552121 _p<0.0v
(Sumner) _N.S.
N.S
1 —_ - L — .
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with increased temperatures. Hence, a situation where fish acclimated to
higher temperatures and oxygen need having larger erythrocytes, with de-
creased oxygen diffusion capabilities (Holland, 1970) is avoided and, in

fact, somewhat improved by a decrease in cell volume.

Erythrocytic Electrolytes and Metabolism

The ionic modifications observed with thermal acclimation would
almost certainly affect erythrocytic metabolism, although at present only
the most general speculations as to what these effects might be can be
made. Bygrave (1967), in discussing metabolic control by ions, divided
the major cations into two major groups. Magnesium and potassium were
considered to be stimulators of enzyme activity, while calcium and sodium
had the opposite effect. Glycolytic phosphate transferring enzymes were
found to be particularly sensitive to electrolyte modulation. In this
case magnesium binds either to an adenine nucleotide or to the enzyme
itself and forms a ternary enzyme—Mg+2-substrate complex. Increasing
magnesium in preparations containing pure enzymes tends to increase their
activity. Among the glycolytic enzymes falling into this category are
pyruvate kinase, fructokinase and phosphofructokinase. In the case of
other enzymes, such as enolase, magnesium binds to the enzyme and activates
catalysis by producing a conformational change. In the instance of E. coli
phosphofructokinase, magnesium affects enzyme conformation and also acts as
a substrate activator. In situations where Mg+2 forms ternary complexes,
and especially in the case of pyruvate kinase, potassium, although it plays
no role in phosphate transfers, controls the ternary enzyme structure,
acting as an activator.

A1l of the enzymes mentioned are inhibited by calcium; Targely through
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competition of calcium for magnesium binding sites. Sodium exhibits a
co-operative effect with calcium. Calcium also inhibits glycolysis in
another way. Inhibition of pyruvate kinase results in a buildup of
phosphoenolpyruvate which, by mass action, promotes the accumulation of
3-phosphoglycerate. Both of these inhibit fructokinase and hexokinase,
and limit carbon flow through the glycolytic chain. Calcium can also
uncouple glycolysis from the citrate cycle by inhibiting pyruvate
carboxylase, a mitochondrial enzyme leading pyruvate into the cycle.

On the basis of data presented by Bygrave (1967), one might expect
that increases in the cellular potassium and decreases in sodium (Figs.
7e and d) would favor some increase Of the glycolytic metabolism in
summer and winter trout acclimated to higher temperatures. Since winter
trout were characterized by higher erythrocytic magnesium (Fig. 7b) and
potassium (Fig. 7e) and lower calcium concentrations (Fig. 7c) than summer
fish, metabolic activity should also be favored in the former group.

Carp differed from trout in that higher acclimation temperatures
were associated with major decreases in magnesium (Fig. 8b), and sub-
stantial increases in sodium content (Fig. 8d). Under these circumstances
Tower acclimation temperatures should favor glycolytic activity. In this
respect, data on carp and seasonal differences between summer and winter
trout are consistent with the results of enzyme assays, amino acid incor-
poration studies and studies of metabolic pathways indicating that inter-
mediary metabolism is reorganized so that the metabolic capabilities of
cold-acclimated fish are increased over warm-acclimated animals (Caldwell,
1969; Dean, 1969; Hochachka, 1973). Such adaptations are presumed to re-

present adaptive strategies offsetting the direct effects of temperature
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reductions on enzyme activity.

Although it is interesting to speculate upon the effects electrolytes
may have on erythrocyte metabolism, it should be pointed out that few
studies have been made on fish erythrocytes. Until the characteristics
of the erythrocytic metabolism are defined it is impossible to definitely
say that the patterns of ionic inhibition and stimulation outlined by

Bygrave (1967) hold true for fish red cells.

Potential Electrolyte Modulation of Hemoglobin Function

As indicated in the Titerature review, chloride, magnesium and, to a
Tesser extent, calcium play important roles in the modulation of hemoglobin-
oxygen affinity, rivalling the organophosphates in modulatory importance
(Rossi-Fanelli et al., 1961b; Antonini et al., 1962; Benesch et al, 1969;

Bunn et al, 1971; Gillen and Riggs, 1972; Kaloustian and Poluwich, 1975;
Rollema et al, 1975).

Chloride, at appropriate concentrations and pH, affects hemoglobin by
increasing the number of Bohr protons released between the oxy- and deoxy-
states, and in this way raises Peo values (i.e., decreases Hb-O2 affinity).

In some cases it also increases co-operativity. Magnesium and calcium bind

to ATP (the principal teleostean organophosphate modulator of Hb-0, affinity),
and prevent its action upon hemoglobin. In this way they increase hemoglobin-
oxygen affinity.

In Figures 10a to ¢ and 11a to ¢, erythrocytic chloride, magnesium
and calcium have been plotted as ratios with hemoglobin (mEq ion:mM Hb)
for rainbow trout and carp. In trout no significant temperature changes in C1:Hb
(Fig. 10a), Mg:Hb (Fig. 10b) or Ca:Hb (Fig. 10c) were found. At all

acclimation temperatures, however, summer fish had higher mean C17 :Hb,



Fig. 10a to ¢. Erythrocytic electrolyte to hemoglobin ratios
(mEq electrolyte:mM Hb) of rainbow trout acclimated
to 2°, 10° and 18°C. The white bar‘indicates summer
sampled trout while the black bar represents trout

sampled in winter.

Fig. 11a to c. Erythrocytic electrolyte to hemoglobin ratios
(mEq electrolyte:mM Hb) of carp acclimated to 2°,

16° and 30°C.

For both figures, the horizontal line represents the
mean, vertical line the range and the vertical bar the
95% confidence interval of the mean. In the case of
trout the level of significant difference between
seasonal pair comparisons is shown in brackets while

in both carp and trout the significant difference level
between acclimation temperatures is placed between the
groups being compared. The absence of a P value indi-
cates that a comparison was not significant at the

P < 0.05 Tevel.
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Ca+2

:Hb and Tower Mg+2:Hb ratios than was the case in winter fish. In the
instance of C1 ™ :Hb and Mg+2:Hb differences were small. Significant differ-
ences (P < 0.01 in both cases) were encountered only at 10°C (C17:Hb) and

2:Hb). Ca+2:Hb ratios for summer trout were significantly higher

20C (Mg"
(P < 0.01) at all acclimation temperatures than those of winter fish.
Unlike rainbow trout, carp exhibited large changes in electrolyte:
hemoglobin ratios with acclimation. The C1 :Hb ratio increased with
acclimation temperature (Fig. 11a); significant changes occurring between
all acclimation temperatures. Mg:Hb ratios decreased significantly at
30°C by comparison with 2° and 16°C (Fig. 11b). The magnitudes of these
changes were relatively large. For example, the C1 :Hb ratio at 30°C was

2

1.5 times that at 2°C. In the case of the Mg+ :Hb ratios, the mean value

found at 30°C was only 3/4 of those at 2° and 16°C. As in rainbow trout

Ca+2

:Hb ratios were little altered by acclimation (Fig. 11c).

From these results it appears that the rainbow trout has only limited
ability to adaptively modify the microenvironment of hemoglobin. Even in
those instances where seasonal differences in electrolyte:hemoglobin ratios
occurred, the higher ca*2:Hb (Fig. 10c) and C17:Hb (Fig. 10a) and lower
Mg+2:Hb (Fig. 10b) levels in summer over winter samples were so small as to
be of doubtful physiological significance. Furthermore, the increased
Hb-O2 affinity that might be produced by higher Ca+2:Hb ratios in summer
fish would be opposed by a reduction in affinity produced by the Mg:Hb
and C1:Hb changes in this group.

Carp, on the other hand, exhibited a marked increase in cell chloride

and chloride to hemoglobin ratio at higher acclimation temperatures (Figs.

8a and 1la respectively), coupling this with a sharp reduction in magnesium
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content and Mg+2:Hb ratio at 30°C (Fig. 8b and 10b respectively). These
variations would strongly favor reductions in hemoglobin-oxygen affinity
at higher acclimation temperatures.

Although increases in chloride would directly reduce affinity, the
magnitude of the modulatory effect is highly dependent upon co-existing
conditions of pH. The pH of the carp red blood cell has not yet been
measured. Plasma pH, however, varies inversely with temperature according
to the relationship, pH = 8.08 - 0.0129 T/°C) (Rahn, 1971; personal com-
munication to A. H. Houston). Accordingly, carp acclimated to 2°, 16°
and 30°C would have plasma pH values of 8.06, 7.88 and 7.70 respectively.
Wood and Johansen (1973) found that erythrocytic pH in eel was related to
that of plasma, but was between 0.2 to 0.4 pH units below the plasma value.
If the carp erythrocyte approximates this situation, red cell pH values of
about 7.8, 7.6 and 7.4 would be expected at 2°, 16° and 30°C respectively.
If such is the case, carp red cell pH and chloride as expressed in
mEq/SLH20 fall well within the ranges (pH 7.0 to 8.5; chloride 0-100 mM/%)
reported by Rollema et al. (1975) to be particularly effective in increasing
the release of Bohr protons, reducing hemoglobin-oxygen affinity (Table 10).
Similarly, if a portion of erythrocytic magnesium is bound, cellular levels
of this ion (Table 10) and predicted pH conditions are 1ikely comparable to
those at which magnesium interaction with ATP is maximal (0 to 14 mEq/%,
pH 7.3; Bunn et al., 1971). Thus ionically induced reductions in hemo-
globin oxygen affinity at higher temperatures are highly probable.

Furthermore, reduction in pH and increases in temperature themselves
lead to reduction in the Hb-O2 affinity, and would add to ion-induced

effects. Indeed, temperature, pH and electrolyte variations may well



The levels of Mg+2 and C1~ present per litre of cell water in carp (Cyprinus
carpio) acclimated to 2°, 16° and 30°C, and rainbow trout {Salmo gairdneri)
Reported as the mean = 1 standard error of

acclimated to 2°, 10° and 18°C.

Table 10
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the mean.
Measure- Acclimation Temperature Signif. Diff.
Species ment Season 2°72° 16°/10° 30°/18° (2°9/2° 16°/1C° 30°/18°
Carp Spring | 60.021.05 |77.8£1.89 | 96.0+1.62 p<0.01
T p<0.01
e, p<0.01
i nd
R. Trout g Summer 100:2.20 1011 .61 105+2.39 N.S.
9 NS
E N.S
'
R. Trout | © Winter | 94.5:1.89 |97.2:2.12 }99.022.19 | N.S
N.S
N.S
Carp Spring | 21.3x0.620 | 22.5+0.566 | 15.7+0,651 N.S.
p<0.01
g%q p<0.01
R. Trout | Summer | 10.7£0.,487 | 10.8+3,15 |10.5¢0.482] N.S,.
o N.S.
G
~ N.S.
o
R. Trout | = Winter | 11.6£0.1771{12.1£0.247 }12.2+0.276 N.S
N.S.
N.S.
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interact synergistically rather than additively to promote reductions in
Hb-O2 affinity. In the case of pH, at least, a double effect is probable.
Increases in hydrogen ion concentration with temperature would be expected
to affect hemoglobin directly (Bohr effect). 1In addition, Mg+2-ATP binding
is reduced as pH decreases and this enhances organophosphate availability
for modulatory purposes, and decreases Hb-O2 affinities to an even greater
extent (Bunn et al., 1971).

Table 10 indicates that the mean C1~ levels in the rainbow trout red
cell are above those of carp, while magnesium concentrations are lower.
Only at 30°C did erythrocytic C1~ and Mg+2 levels in carp approach those
of rainbow trout. It will be recalled that the latter maintained relatively
constant levels of these electrolytes over the 2° to 18°C range. Since
Rollema et al. (1975) found that the maximal effect of chloride in reducing
Hb—O2 affinities occurs below 100 mM/%2, the trout erythrocyte, which con-
tains approximately 100 mM/¢ C1~ and low Mg+2 levels, could be considered
to have an ionic environment preadapted to low Hb-O2 affinities over the
entire temperature range tolerated by this species. This is consistent
with the findings of Weber et al. (1976b) who indicated that whole blood
oxygen affinities (when tested under constant temperature) changed little
in thermally-acclimated trout. In addition, Prosser (1973) has summarized
P50 values for a variety of teleost and concludes that the whole blood of
rainbow trout has lower Hb-O2 affinities than are seen in most other species

of fish (Table 11).

Environmental Significance of the Electrolyte Changes in Carp

and Rainbow Trout Erythrocytes

The findings of the present study, which suggest that conditions in



Fig. 12. The maximal oxygen solubility and corresponding oxygen
tensions of water at 1 atmosphere pressure under various
temperature conditions. The data used to plot O2
solubility was taken from standard tables while O2
tensions were calculated as outlined by Pierce et al.

(1973).

Table 1T, P50 values for the whole blood of various species of
fish under representative in vivo temperature, CO2

tension conditions (from Prosser, 1973).
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the ionic microenvironment of hemoglobin are consistent with Tow hemoglobin
oxygen affinity in trout at all temperatures, and reduced affinity in warm
acclimated carp are at variance with the conclusions of some earlier work.

As indicated in the Literature Review experiments performed on fish ex-
posed to hypoxic conditions suggest that erythrocytic organophosphate levels
are adaptively reduced to increase Hb-O2 affinities, and therefore facilitate
02 loading at the gills. Eaton (1974), Grigg (1969) and Powers (1974) have
concluded that since oxygen solubility decreases with increased temperatures
fish are faced with essentially hypoxic circumstances in which increases in
Hb-O2 affinity would be of adaptive value. Their experiments do not, however,
confirm that under in vivo conditions fish respond in such a manner. Indeed,
the data reported by Grigg (1969) in support of this contention can actually
be interpreted as indicating that under in vivo cellular conditions oxygen
affinity would be reduced rather than increased at higher temperatures.

While it is true that oxygen solubility decreases with increasing tem-
perature, this is partially offset by increases in activityf Because of
this, oxygen tensions change little as temperature increases (Fig. 12).
Consequently, the extent of hemoglobin saturation with oxygen at the gills
depends more upon factors such as blood flow, ventilation and gill exchange
area than it does upon 02 solubility in the water.

Fish hemoglobins typically have much higher oxygen affinities than are
seen in mammalian systems. Those of salmonids are among the lowest known
in fishes (Table 11), and it might be expected that these species would
have some difficulty in saturating their hemoglobins under hypoxic circum-
stances or at high temperatures. The results of studies by Heath and Hughes

(1973) on rainbow trout are of particular interest in this context. Heath

* thermal movement of 02
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and Hughes (1973) rapidly increased the water temperature of rainbow trout
from 14° to 27°C. This produced a situation in which (1) the effect of
temperature reduces Hb-O2 affinity; (2) due to the lack of time, acclima-
tion cannot occur and ventilation, perfusion adjustments to increase 02
uptake are least efficient; (3) cardiac output increases and blood has a
reduced contact time with the respiratory surface; and (4) oxygen solubility
decreases. All of these might be expected to produce decreases in oxygen
content of blood leaving the gills. Surprisingly, however, only minor
decreases in arterial oxygen content took place. On the other hand, venous
oxygen content decreased 62% of arterial oxygen values at 15°C, to near zero
at 23°C, i.e., venous blood unloaded almost all of its oxygen. It is at the
venous system that a hemoglobin with reduced oxygen affinity is most bene-
ficial.

Hemoglobin-oxygen affinity in carp is much higher than that in trout;
50% saturation of whole blood can be achieved at oxygen tensions as low as
5 mm Hg (Table 11), and 95% saturation at 25 mm Hg, Po2 (Randall, 1970).
In fact, the Hb-02 affinity of this species is so high that it would have
twice the oxygen tensions needed for 95% saturation if it was present within
the human venous system where oxygen unloading takes place. It would be
of Tittle advantage to the carp to increase affinity at higher temperatures,
especially since its gill structure and ventilatory systems ensure more
efficient hemoglobin oxygenation than is the case in trout. On the other
hand, tight oxygen binding to hemoglobin could impede oxygen release. The
type of modulation suggested by the changes in red cell chloride and magnes-
ium, namely that Hb—O2 affinity should decrease with temperature in carp,

thus seems highly appropriate.



Table 12. Linear regression analysis of erythrocytic chloride (y, mEg/% cells)
against cell magnesium (x, mEq/% cells) in thermally acclimated carp
(Cyprinus carpio). The data reported are the sample size (n), coefficient

of correlation (cc), significance of the correlation, and the equation of
the best fitting Tine.

Acclimation Temperature
2°C 16°C 30°C
n=13 n=13 n=14
cc = 0.707 P<0.01 cc = 0.737 P<0.01 cc = 0.637 P<0.05
y = -2.66x + 88.9 y = -3.19%x + 113 y = =1.39%x + 89.1

£8



Fig.

13.

Relationship between red cell chloride and magnesium
(mEq-z'], packed cells). Fig. 13a shows the plots
obtained for carp acclimated to 2°, 16° and 30°C.

The closed circles represent carp acclimated to 2°C
while carp acclimated to 16° and 30°C are indicated

by open circles. Fig. 13b shows the plot obtained

for summer and winter rainbow trout acclimated to 2°,
10° and 18°C. In both diagrams the best fitting lines,
their equations, and the significance level of the
correlation (P < 0.05, P < 0.01) are shown. Additional
information describing the plots can be found in

Appendix 37.
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Trout have an unusually high oxygen demand even at low temperatures
(Fig. 1). These approximate the oxygen demands of carp at high tempera-
tures. Furthermore, the Q]O of oxygen consumption is three times that of
carp’ In view of this, and the narrow temperature ranges inhabited by
trout, an erythrocytic ionic environment which facilitates unloading of
oxygen under all circumstances offers clear advantages. Consistent with
this, erythrocytic chloride and magnesium levels are such that, although
they are not modified with temperature, they do favor low Hb-O2 affinity.

Since increases in erythrocytic chloride and reductions in magnesium
are conducive to reduction in Hb-O2 affinity, it would be of some advantage
to the animal if these were reciprocally related within the red cells. To
ascertain if this was the case correlation analysis was carried out. As
would be expected the most obvious relationships were obtained with data
from carp (Table 12, Fig. 13a). Correlations significant at P < 0.01
level were found for each acclimation group, with values for 16° and 30°C
animals comprising a single population distinct from\the 2°C fish. Rainbow
trout showed more variability, but nonetheless also showed a significant
inverse relationship (Fig. 13b). 1In contrast to carp the various trout
seasonal and acclimation groups were not distinct from the others. Not
only are these relationships of physiological interest, but they raise the
possibility that the forces modifying the concentration of one ion might

prompt reciprocal changes in the other electrolyte.

Chloride and Magnesium Partitioning within the Fish Erythrocyte

Any attempt to account for the mechanisms underlying cellular electro-
lyte changes is rendered difficult because of the complex relationships

governing ion distribution within the erythrocyte, and between the erythro-

* - .
i.e., see Fig.1.
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cyte and its plasma environment. Nevertheless, insights can be gained by
considering the principal factors involved. For example, when ionic

species in solution are separated by a differentially permeable membrane,
which the ions can penetrate and a charged impermeable protein is added to
one side of the system, a Gibbs-Donnan equilibrium situation is created.

The electrolytes arrange themselves so that electroneutrality is established
on both sides of the membrane, and the ratio of cations, inside to outside,
equals that of anions, outside to inside.

To establish electroneutrality on both sides of the membrane, concen-
tration disparities must exist between the two compartments. These are
maintained by a potential difference across the membrane. The magnitude
of the potential difference (V), i.e., the equilibrium potential, can be
estimated using the Nerst equation,

_ 2.303 RT [cation a] [anion b1,

Ep - IF ]og([cation al; °"  Tanion b]o)

where Ep = equilibrium potential (Volts)
R = gas constant (8.31 joules/mole-deg. absolute)
Z = valency
F = Faraday constant ( 96,500C/mole)
T = temperature (deg.absolute)

The Nerst potential reflects the disparity of charge between the plasma and
cellular compartments.

Human erythrocytes have extensively been studied in terms of ion per-
meabilities and equilibrium potentials. In human red cells the major
impermeable protein is hemoglobin which carries a -10 mmole/mmole Hb-pH

negative charge (Dalmark, 1976). Membrane permeability to cations other
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than Y s not high, whereas anions, of which chloride is the major con-
stituent, are relatively permeable. The permeability of chloride, for
example, is 107 times that of sodium and potassium at 37°C (Dalmark, 1976).
Monovalent cation distribution is largely determined by a (Na+-K+) active
transport system (Hoffman, 1966). Chloride distribution is apparently
passive, and has been used as a basis for the estimation of potential
differences between the interior and exterior of mammalian, bird and fish
erythrocytes (Armstrong, 1971). In the case of human red blood cells, values
obtained in this way are well correlated with electrode probe measurements

of the equilibrium potential (Armstrong, 1971).

Equilibrium potentials were calculated on the basis of the distribu-
tion ratios for the major red cell cations and chloride in carp and trout,
and these values are summarized in Appendices 25 to 29. As is the case
with human erythrocytes, sodium distributions lead to large calculated
potentials which are inside-positive, whereas potassium distributions give
inside-negative results. This is what would be expected if a (Na+-K+) pump
was present in carp and trout erythrocytes that pumped sodium out, and
potassium into the cell. Potentials estimated from calcium values suggest
the Tikelihood of a Ca+2 pump which functions to transport Ca+2 out of the
cell. Chloride distributions produce values similar to those of human

erythrocytes, and probably reflect actual transmembrane potentials.

Carp

In the case of carp chloride equilibrium potentials suggest that the
interior of the erythrocyte becomes less negative as temperature increases
(Fig. 14). The differences observed between acclimation temperatures were

significant at the P < 0.01 level. This decrease in negativity may reflect



Fig.

14.

The transerythrocytic equilibrium potential (Ep) as
calculated from the chloride distribution between the
erythrocyte and plasma of thermally-acclimated carp.
The horizontal line represents the mean; the vertical
bar is the 95% confidence interval of the mean. The
level of significant difference between acclimation
temperatures is placed between the groups being com-

pared.
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Fig.

Fig.

15.

16.

The relationship of red cell magnesium (mEq‘Q-],
packed cells) and the transerythrocytic equilibrium
potential (Ep) of thermally-acclimated carp. Shown
are three regressions for various acclimation groups,
their best fitting plots, and the significance level

of the correlation.

The relationship of red cell magnesium (mEq-2'1,
packed cells) and the transerythrocytic equilibrium
potential (Ep) of summer and winter rainbow trout
acclimated to 2°, 10° and 18°C. Shown is the best
fitting plot, its equation, and the significance

Tevel of the correlation.

In both diagrams the negative sign of Ep indicates the
inside of the erythrocyte is negative with respect to
the plasma. Regressions were calculated using the

absolute value of Ep.

Additional information describing the plots can be

found in Appendix 37.
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changes in plasma pH since, as noted earlier, this varied inversely with
temperature (Rahn, 1971, personal communication to A. H. Houston). Hemo-
globin, by virtue of its negativity, would act as a buffer, binding H+
ions and decreasing its own negative charge.

Regardless of how they are brought about, changes in transmembrane
potential could have significant effects upon the partitioning of cellular
electrolytes. In the case of magnesium, an active pump has not yet been
identified in any species of erythrocyte. Thus, despite its low permea-

bility (Wittham, 1964), diffusable Mg*2

may distribute itself in electro-
chemical equilibrium. Quite obviously under these circumstances its
distribution will be the reverse of that of chloride. This may account,
in part at Teast, for the inverse relationship between chloride and
magnesium in both carp and rainbow trout erythrocytes (Fig. 13a and b).

If diffusable Mg+2, in fact, is passively distributed variations in
potentials should be accompanied by changes in cellular Mg+2 levels. To
examine this hypothesis cell Mg+2 values were plotted against chloride
equilibrium potentials (Ep). Carp (Fig. 15, 2°, 16°, 30°C) were character-
ized by a geometric relationship between cell Mg+2 and Ep; Mg+2 varied, as
predicted, in relation to the transmembrane potential, increasing as the
degree of negativity inside to outside increased. The correlation coefficient
obtained was significant at the P < 0.01 level.

It should be noted that Fig. 15 includes data of carp acclimated to
three different temperatures. The majority of the curve parallelling the
x-axis (Fig. 15, 2°) represents fish acclimated to 2°C. The reason for the

2

absence of variation in cell Mg+ with Ep in this section of the curve is un-

known. One possible explanation is that at temperatures between 16° and 2°C the
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carp erythrocyte membrane may undergo a phase transition making it highly

2

impermeable to Mg+ , S0 that variations in membrane charge are unable to

influence magnesium distribution. Curve sections for values from 16° and

2

30°C carp show near linear changes in cell Mg+ with charge, and these

could be fitted with a straight line equation (Fig. 15, 16° and 30°C).
An alternative explanation could be that the proportion of total Mg+2
bound to protein, ATP etc., may vary with temperature so that more mag-
nesium is bound within the cell at 2°C than at 16° or 30°C. Consequently,
at 2°C less Mg+2 would be in the diffusable category. In this regard it
is of interest to note that the concentration of H+, which can compete

with Mg+2

binding sites, increases with temperature in carp plasma.

If cellular Mg+2 content and transmembrane potential (Ep) are related,
cellular changes in Mg+2 that occurred with acclimation can be explained in
terms of the changes in Ep. For example, carp acclimated to 2°, 16° and
30°C had mean values of Ep that are -14.7+0.719, -10.2+0.999 and -5.71+0.309
respectively (see Fig. 14). If these values of Ep are traced out for res-
pective Mg+2 values on Fig. 15, they approximate the mean levels of cellular
Mg+2 found at 2°, 16° and 30°C (16.2+0.357, 16.8+0.312 and 11.9+0.446 mEq

Mg+2/z respectively, Fig. 8b). In other words, perhaps the driving

2

cells

force influencing Mg+ out of the cell at higher temperatures is a change
in the transmembrane potential. Since by virtue of its calculation, in-

creases in Ep are consistent with higher [C1']RBC/[C1'] ratios, as

plasma
cellular Mg+2 decreases with thermoacclimation to high temperatures increases

in erythrocytic C1~ are encountered.

Rainbow Trout

Like carp, rainbow trout displayed an inverse relationship between cell



Fig.

17.

The transerythrocytic equilibrium potential (Ep) as
calculated from the chloride distribution between the
erythrocyte and plasma of thermally-acclimated rainbow
trout. The dark bars represent winter trout while the
white bars indicate trout sampled in the summer. The
horizontal line represents the mean; the vertical bar
is the 95% confidence interval. No significant
differences were found between the acclimation

temperatures in either summer or winter trout.
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Mg+2 and C1~ (Fig. 13b). As well, the Mg+2 content also varies with the
equilibrium potential across the erythrocyte (Fig. 16). In contrast with
the situation in carp, however, acclimation did not lead to marked changes
in erythrocytic chloride and magnesium levels (Fig. 6a to c). Consistent
with this there was little evidence of a significant change in equilibrium
potentials (Fig. 17).

The Tack of any modifications in the equilibrium potential with
acclimation in rainbow trout erythrocytes requires some discussion. In
the case of carp it was suggested that changes in Ep might be produced by
decreases in pH with increased acclimation temperature. The absence of
change in rainbow trout erythrocyte transmembrane potential could be taken
to mean that blood pH does not change or changes very little with acclima-
tion. In this regard, although one study (Houston et al., 1968) has found
Tittle change in the plasma pH of rainbow trout acclimated to temperatures
between 3° and 21°C, the majority of evidence indicates that trout blood
pH decreases at higher acclimation temperatures (Randall and Cameron, 1973;
Eddy, 1974; Reeves, 1977). 1If the latter is true, it becomes necessary to
account for the absence of changes in Ep with acclimation to higher temper-
atures.

One possible explanation could be that trout hemoglobin has different
characteristics than that of carp, i.e., that changes in pH may not alter
the negativity of the protein. Some evidence does, in fact, suggest that
rainbow trout hemoglobins are unique in some respects to those of other
fish. For example, a number of their hemoglobins lack any Bohr effect
because of the absence of certain protonizable amino acid groups. Powers

(1972) believed that the presence of such hemoglobins was of adaptive
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advantage in fish with a high metabolism. During periods of high.activity
blood pH could decrease to an extent that oxygen loading at the gills
would be hindered. The presence of hemoglobins lacking a Bohr effect
would, of course, insure oxygenation under these circumstances. It is

at least possible that in rainbow trout this adaptation is taken a step
further so that decreases in pH do not effect protein charge which might
promote decreases in cellular magnesium and increases in chloride, since
this would further reduce Hb-O2 affinity.

In conclusion, rainbow trout show Tittle modification in erythrocytic
electrolyte levels other than potassium with thermal acclimation. Carp
exhibited Targe modifications in the levels of Na* as well as C1~ and Mg+2.
The latter two ions are important modulators of hemoglobin oxygen affinity.
The electrolyte changes observed have been assessed in relation to their
possible role in the maintenance of erythrocytic volume, and their effects
upon red cell metabolism and hemoglobin function.

The data suggests that the manipulation o% ion levels probably does
not play a major role in the regulation of cell volume. Like the flounder,
carp and rainbow trout may govern cell volume through other mechanisms
involving organic solutes. Use of non-electrolytes to control volume offers
several advantages, for the animal may adjust cell volume to promote oxygen
Toading while simultaneously altering ionic levels to suit various cell
functions at different acclimation temperatures.

The variations observed may produce a cell environment favoring gly-
colysis in winter as compared to summer trout and in cold-acclimated carp.
In this respect the results obtained are consistent with those of numerous

metabolic studies which indicate that cold-acclimated fish modify metabolism
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to achieve higher activities at lTower temperatures. Such adaptations
are thought to offset the direct effects of reduced temperature upon
metabolic processes.

The most interesting aspect of thermoacclimatory response by the
red cell is associated with the effects which changes in ionic composition
may have on hemoglobin function. The trout, which shows 1ittle change in
functionally important erythrocytic electrolytes with temperature or
season, maintains cell electrolytes at lTevels conducive to a low hemo-
globin-oxygen affinity state. This is consistent with the finding that
trout hemoglobin P50 values are higher than those of other species of
fish. This may be of advantage to the trout since they rely heavily upon
venous deoxygenation to compensate for increased oxygen need.

Carp exhibited much larger changes in erythrocyte chloride and magnes-
jum levels with temperature. The changes observed should produce reductions
in hemoglobin-oxygen affinity with increasing temperature. In view of the
very efficient gill structure of the carp, and the high oxygen affinity
characterizing their hemoglobins, decreases in hemoglobin oxygen affinity
should offer the advantage of prompting 02 release at the tissue level,
while still allowing for effective oxygenation at the gills.

In both species cell C1™ and Mg+2 are inversely related, and appear
to be altered in relation to the membrane potential changes accompanying
acclimation. The mechanism leading to such variations in potential are not,

however, clear.

Erythrocytic Carbonic Anhydrase in Thermally Acclimated Trout

Data pertaining to the thermoacclimatory changes in the carbonic anhy-

drase of the trout red cell are summarized in Appendices 30 to 36 and are
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graphically displayed in Figs. 18 to 21.

Hematocrit and Erythrocytic Protein

In contrast to previous findings, rainbow trout used in the carbonic
anhydrase assays exhibited significant (P < 0.01) increases in packed cell
volume at 18°C (42.1+1.70%) over corresponding values at 2° and 10°C
(33.2+0.965 and 33.8%1.11% respectively; Fig. 18a). Non-hemoglobin membrane
protein of the erythrocytes expressed in mg protein/ml erythrocytes (Fig.
18b) was also constant at 2° and 10°C (34.4+1.44 and 34.2+2.31 respectively),
while significantly Tower values were found in 18°C acclimated trout
(25.5£1.30). A similar trend was seen in the non-hemoglobin cytosol protein
(Fig. 18c). Little variation in mean levels occurred between 2° and 10°C
while a non-significant mean decrease was encountered at 18°C. Consequently
the total non-hemoglobin protein of the erythrocytes (Fig.‘18d) remained
relatively constant between temperatures of 2° and 10°C but decreased sig-

nificantly (P < 0.05) at 18°C.

Specific Activity

Specific activities of membrane and cytosol fractions are shown in
Fig. 19. At the common assay temperature (25°C) the specific activity of
the membrane fraction (Fig. 19a) increased with acclimation temperature.
The breakdown rates of p-nitrophenyl acetate (uM-min']-g']) were 34.8%1.56,
39.1+2.38 and 52.7x2.75 at 2°, 10° and 18°C respectively. The activities
of preparations from 18°C fish were significantly (P < 0.01) higher than
those of the 10° and 2°C groups. In incubations conducted at actual
acclimation temperatures (Fig. 19a) carbonic anhydrase showed even larger

increases in specific activity; the mean activity at 18°C was about 180%



Fig.

18.

The physical characteristics of blood from rainbow
trout acclimated to 2°, 10° and 18°C. The packed
cell volume of the blood (PCV, Fig. 18a) as well as
the membrane, cytosol and total erythrocytic non-
heme protein ('Membrane', Fig. 18b; 'Cytosol', Fig.
18c; 'Total', Fig. 18d) present in 1.0 ml of
erythrocytes. The horizontal 1ine represents the
mean, the vertical bar is the 95% confidence interval
of the mean. The level of significant difference
between acclimation temperatures is placed between
the groups being compared. The absence of a P value
indicates that the comparison is not significant at

the P < 0.05 level.
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Fig. 19a and b. Specific activity (uM-min']og'], non-hemoglobin
protein) of 'membrane' (Fig. 19a) and ‘cytosol' (Fig.
19b) preparations from erythrocytes of rainbow trout
acclimated to 2°, 10° and 18°C. The horizontal line
represents the mean, vertical line the range, and the
vertical bar the 95% confidence interval of the mean.
The black bars represent assays performed at the tem-
perature of acclimation while the white bars indicate
assays performed at 25°C. The level of significant
difference between acclimation temperatures is placed

between the groups being compared.
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higher than that seen at 2°C. Significant differences (P < 0.01) were
observed between each pair of temperatures.

Unlike membrane activity, cytosol activity changed 1ittle when pre-
parations were assayed at 25°C. Mean values tended to increase at higher
acclimation temperature (2°C -8.7+0.84, 10°C -10.4+1.05, 18°C -11.1x1.02
uM-min'1-g']), but differences were not significant. When these fractions
were assayed at acclimation temperature (Fig. 19b), it was found that activities
significantly increased with temperature. Mean specific activity in
18°C fish was 73% above that of 2°C fish, and significant differences
(P < 0.01) were found in comparison of the 2° and 18°C, and 10° and 18°C
acclimation groups.

In many studies on enzyme activities, only specific activity measure-
ments are reported. When changes in specific activity are found after
experimental treatment of test animals, these are usually taken as indica-
tions that enzyme levels or types have changed, or as is the case in certain
membrane-bound enzymes, that differential 1ipid stimulation may have occurred.
Very often little attempt is made to assess whether or not the actual protein
content has changed. In fact, it is not an uncommon procedure when fractional
protein contents change to dilute these to a common concentration before pro-
ceeding with the assay. This can lead to spurious changes in specific
activity in cases where, in fact, enzyme activity per se has changed little.
For example, at constant enzyme levels and substrate breakdown rates, an
increase in total but not enzymatic protein will tend to produce reductions
in calculated specific activity values. 1In such instances changes in specific
activity offer 1ittle information useful in the assessment of physiological

function. In the present study the protein content of membrane and cytosol
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fractions changed with thermal acclimation (Figs. 18b and c¢). Since it
was of some importance to know the carbonic anhydrase activities actually
available to the fish at the different acclimation temperatures, activities
were also calculated and expressed per ml of packed erythrocytes (uM-min']-

ml eryth']; Fig. 20).

Cell Activities

Carbonic anhydrase activity present in the membranes of 1 ml of packed
cells for assays conducted at 25°C is shown in Fig. 20a. When expressed in
this manner, activity values did not differ greatly in relation to acclima-
tion state as had been the case with specific activity. Small significant
(P < 0.05) differences were seen only between 2° and 18°C groups. On the
other hand, substantial increases in membrane activity were observed when
assays were performed at acclimation temperatures (Fig. 20a). Under these
conditions, significant differences (P < 0.01) were encountered between all
acclimation groups. Cytosol activities, expressed per ml of erythrocytes
were Tower than those of membrane fractions (Fig. 20b), and approximately
40% of the total activity appeared to be associated with this fraction.

In the assays conducted at 25°C (Fig. 20b), cytosol carbonic anhydrase

showed no consistent change with acclimation. Activities in 10°C groups were
significantly (P < 0.05) higher than those acclimated to 2°C, while fish at
18°C were comparable to those acclimated to 2°C. When assayed at the acclima-
tion temperature, cytosol activity increased in a near linear fashion with tem-
perature, with significant differences (P < 0.01) occurring between 2° and
18°C (Fig. 20b). It is clear from Fig. 20 that increases in temperature

had a greater effect upon membrane fractions than was the case with cytosol.

Fig. 20c indicates the total (i.e., cytosol + membrane) carbonic anhy-



Figs. 20a to c. Activity per ml of erythrocytes (uMomin']-m1'],

packed cells) of 'membrane' (Fig. 20a), 'cytosol' (Fig.
20b) and the whole erythrocyte, 'total' (Fig. 20c), of
rainbow trout acclimated to 2°, 10° and 18°C. The
horizontal 1ine represents the mean, vertical line the
range, and the vertical bar the 95% confidence interval
of the mean. The black bars represent assays performed
at the temperature of acclimation while the white bars
indicate assays performed at 25°C. The Tevel of signif-
icant difference between acclimation temperatures is

placed between the groups being compared.
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drase activity present in trout erythrocytes. Assays conducted at 25°C
suggest that rainbow trout do not greatly modify activity with acclimation.
Values for specimens held at 10° and 18°C, for example, were only about

12% above those seen in 2°C-acclimated animals. This difference was,
however, significant (P < 0.05). On the other hand, the activity values
obtained under actual acclimation temperature conditions were sharply higher
at 18°C than at 2°C, and significant differences (P < 0.01) were seen between

all acclimation groups.

Discussion of Carbonic Anhydrase Data

Red cell carbonic anhydrase in fishes serves two important functions.
First, it has been implicated in the branchial ion exchange process (H+:Na+,

HCO, :C17) of rainbow trout (Kerstetter et al., 1970; Kerstetter and

3
Kirshner, 1972) as well as in other fish (Maetz, 1956; Maetz and Garcia-
Romeu, 1964; Dejours, 1969; Maetz, 1971). In such cases carbonic anhydrase
is thought to fuel exchange through provision of H and HC03' ions. Con-
sistent with this, acetazolamide inhibition of this enzyme in rainbow trout
(Kerstetter et al., 1970) and goldfish (Maetz, 1956) leads to reductions in
Na® and C1~ uptake.

Not only might these transport systems be important in the recruitment
of sodium and chloride but indirect evidence exists that the transfer of
CO2 from certain fish may rely heavily on these exchange processes. For
example, if the external media of goldfish is changed from NaCl to Na2504,
CO2 evolution sharply decreases and stops, in spite of the fact that oxygen
consumption remains steady. If after a time the fish are returned to NaCl

media a surge of C1~ uptake and HCO3' loss occurs (Dejours, 1969). Dejour's

explanation of this phenomena was that an obligatory C]’:HCO3' exchange
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mechanism exists at the gills and C1~ ions are required for HCO3' output.
This also points to the possibility that CO2 may actually be lost from
the gills only as H' and HCOB-.
The second principal function of carbonic anhydrase lies in the
reduction of CO2 tensions in the blood by a breakdown of molecular COZ'
Through this reaction and carbamino formation, CO2 tensions in trout are
maintained at levels between 3.5-6 mm Hg (Cameron, 1971). Simple calcu-
lations indicate the importance of this. On the basis of data from
various sources summarized by Albers (1970), rainbow trout blood would be
expected to carry a standing level of CO2 of approximately 6 mmoles/litre
in various forms (i.e., H+ + HCO3', carbamino reaction with hemoglobin,
molecular COZ)' If such a quantity of 002 was carried only in molecular
form in distilled water, at 20°C it would exert a partial pressure of 116
mm Hg. In trout blood, the Pco, levels would be even higher since the sol-
ubility coefficient of 002 decreases with increased ionic strength. Such
high PCOg levels might be expected to have serious physiological conse-
quences. For example, rainbow trout blood shows a very strong Root effect.
At 5°C and PO2 levels of 100 mm Hg, with no CO2 present, trout blood is
95% saturated. Increasing PC02 to values of 7-10 mm Hg at the same oxygen
tension decreases saturation to 60% (Beaumont, 1968). Normally these small
levels of Pgo, (7-10 mm Hg) can be handled by the fish quite easily since
at the gills the removal of CO2 is such that trout blood leaving the gills
is seldom below 95% saturation (Randall, 1970). This suggests that O2
loading problems do not occur. However, if PC02 levels were allowed to
rise to levels above 116 mm Hg, serious loading problems due to the Root

effect would be envisaged. At the tissue level high CO2 tensions could



104

reversibly inhibit Krebs cycle intermediates evolving 002. In addition,
increases in blood CO2 lTevels are known to effect the control of breathing
in fish (Hughes and Shelton, 1962).

In rainbow trout acclimated to 18°C oxygen consumption rates are 100%
higher than in fish acclimated to 2°C. Presumably this increase in oxygen
consumption is coupled with higher rates of CO2 evolution by the tissues.
Since passive electrolyte efflux is proportional to branchial irrigation,
perfusion and effective exchange area (Randall et al., 1972), exposure to
increased temperature would be expected to prompt reductions in the electro-
lyte Tevels and increases in CO2 tension. Marked increases in blood CO2
tension are not seen at higher temperatures (Cameron, 1971; Randall and
Cameron, 1973) and the changes in plasma electrolyte levels that do take
place are relatively modest. Quite possibly trout resolve both problems
through the amplification of carbonic anhydrase activity to form Ht HCO3',
employing the latter to drive the exchange uptake of Na* and C1”.

As discussed previously, very Tittle evidence exists that quantitative
or qualitative changes in carbonic anhydrase have taken place in the trout
erythrocyte with thermal acclimation. Although measurements of carbonic
anhydrase per ml of packed erythrocytes at assay temperatures of 25°C (Fig.
20) produced some significant changes in activity with thermal acclimation,
the modifications were quite modest. For example, the activities present
in the whole erythrocyte increased less than 12% at higher over lower accli-
mation temperatures. In view of this, increasing the level of carbonic
anhydrase within the erythrocyte and/or synthesis of a more active form
of this enzyme plays only a minor role in increasing carbonic anhydrase

activity at higher acclimation temperatures.
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Arrhenius plots* made on a Timited number of membrane preparation;
provided no evidence that acclimation temperature leads to marked changes
in inflection points. Fish acclimated to 2° and 18°C showed inflection
points at 16° and 18°C respectively, indicating that the lipid environment
surrounding membrane carbonic anhydrase changes little with thermoacclima-
tion. Such findings are also consistent with those of Houston and Mearow
(1978, unpublished results) who, after extensive study of goldfish erythro-
cytic membrane bound carbonic anhydrase, found little change in Arrhenius
inflections with thermal acclimation.

Large potentially adaptive increases in enzyme activity did take
place when the assays were performed under in vivo temperature conditions,
namely at the temperature of acclimation. At 18°C the membrane activity
of the whole erythrocyte was 94% higher than at 2°C (Fig. 20a, at tempera-
ture of acclimation), cytosol activity increased 54% (Fig. 20b, at temper-
ature of acclimation), while the total erythrocytic activity was 74% higher
(Fig. 20c, at temperature of acclimation) at 18° over 2°C. Significance
at the P < 0.01 level was reached between all acclimation temperatures
within the membrane fraction and at the level of the whole erythrocyte
while cytosol showed significant differences (P < 0.01) only between 2° and
18°C groups. Since carbonic anhydrase is concentrated mainly within the
blood rather than in the tissues of rainbow trout (Houston and McCarty,
1978), such large increases in the activity under in vivo temperature
conditions may be of importance in reducing CO2 tensions and providing
increased amounts of H' and HC03' for Na' and C1° exchange at higher tem-

peratures.

1
absolute temp.

*a plot of -log of activity vs



Fig. 21. Calculated activity of whole blood (pmo1es-min']-m1
b1ood-1) from rainbow trout acclimated to 2°, 10° and
18°C. The horizontal Tine represents the mean, the
vertical bar is the 95% confidence interval of the
mean. The black bars represent assays performed at
the temperature of acclimation while the white bars
indicate assays performed at 25°C. The level of
significant difference between acclimation tempera-

tures is placed between the groups being compared.
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Under in vivo conditions in the present study, not only would temper-

ature produce an effective increase in carbonic anhydrase activity, but
since experiments have shown that trout carbonic anhydrase is present
solely in the erythrocyte (Smeda, 1976, unpublished results; Haswell, 1977),
the large increase in hematocrit (Fig. 18a) with acclimation temperature
would be expected to increase the whole blood level of this enzyme. Fig.
21 shows the expected levels of carbonic anhydrase activity in the blood
(uM-min']~m1 blood) at a common assay temperature of 25°C as well as at
the temperature of acclimation, using in vivo levels of hematocrit to
calculate the activity. Under these conditions the activity present at
18°C is 127% higher than that at 2°C. Significant differences (P < 0.01)
exist between all acclimation temperatures.

Even though hematocrit alterations with temperature may not always
occur (see Table 3b), other modes of increasing the amounts of carbonic
anhydrase may exist. For example, Houston and DeWilde (1969) have shown

that the blood volume of the brook trout, Salvelinus fontinalis, increases

in warm acclimated animals. If such a response occurred in rainbow trout
and if hematocrit remained constant, it would increase the total amount of
carbonic anhydrase available to the fish at higher temperatures.

The Tack of large qualitative or quantitative modifications of erythro-
cytic carbonic anhydrase with acclimation (Fig. 20, at 25°C) is consistent
with certain features that may be suspected of the trout erythrocyte.

These erythrocytes may have certain characteristics in common with their
mammalian counterparts, one of these being the Tack of synthetic capabilities
to produce new enzymes and regenerate membrane material. If such is the

case, modifications in erythrocytic enzyme composition could only be
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accomplished by producing new erythrocytes. Since the rainbow trout
erythrocyte has a long 1ife span (220 days; Iuchi, 1973a), if fish were
subjected to a rapid seasonal or diurnal temperature change, they may

be incapable of modifying their blood composition at a rapid enough rate
to compensate for the stress. In such a situation, perhaps the most
efficient system is one that would respond nearly instantaneously to a
temperature change. Therefore, in having a temperature-sensitive
carbonic anhydrase enzyme (that increases in activity with temperature),
a rise in temperature producing increased tissue CO2 evolution would be

compensated for immediately by increases in carbonic anhydrase activity.



SUMMARY
To evaluate the possibility that thermal acclimation is accompanied by
adaptive alterations in the erythrocytic ionic environment of hemoglobin,
hematological data (blood hemoglobin content, hematocrit, red blood cell
numbers, mean erythrocytic volume and hemoglobin content), plasma and
packed erythrocytic electrolyte levels (Na+, K+, Mg+2 and Ca+2) were
obtained for summer and winter sampled rainbow trout acclimated to 2°,
10© and 18°C and carp acclimated to 2°, 16° and 30°C. Red cell electro-
lyte concentrations and ion:hemoglobin ratios were then calculated.
Rainbow trout and carp showed very 1ittle hematological response following
thermal acclimation. Aside from higher acclimation temperatures producing
a modest increase in red cell numbers in summer trout and small decreases
in red cell volume in both summer trout and carp, no significant differ-
ences were found with temperature. The data did, however, indicate a
possible influence of weight and plasma Ca+2 upon hematological response
to temperature in carp; a relationship that was absent in rainbow trout.
Plasma analysis indicated that rainbow trout were characterized by seasonal
differences in response to temperature. The largest thermal modifications
observed were in winter trout where plasma sodium and potassium were
elevated at-higher temperatures. Summer trout on the other hand exhibited
no-significant thermal-acclimatory change in any of the five electrolytes
measured. In carp, increases in acclimation temperature produced a decline
in plasma sodium and magnesium while calcium 1evé1s increased. In spite of
a fair number of comparisons that showed statistically significant modifi-
cations with temperature and/or season, all the changes observed except

those involving potassium were small in nature, and of doubtful physiological
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significance. The increase in plasma potassium that was observed occurred
under anomalous seasonal temperature conditions and could be the result of
a breakdown in the regulation of this electrolyte, rather than an adaptive
strategy.

The most obvious variation in the ionic composition of the rainbow trout
erythrocyte was an increase in potassium content at higher temperatures.
In carp, potassium levels were stable within the erythrocyte while sodium
and chloride concentrations rose sharply and magnesium decreased following
acclimation to higher temperatures. The electrolyte changes observed were
assessed in relation to the possible roles they play in the maintenance of
erythrocytic volume, and their effects upon red cell metabolism and hemo-
globin function.

The inverse relationships found between red cell volume and total electro-
lyte levels in the cell indicates that manipulation of ionic levels probably
does not play an important role in the regulation of cell volume. This is
consistent with thefindings of other experiments that indicate organic
solutes within the erythrocyte play an important role in this regard. The
use of non-electrolytes to control volume offers some distinct advantages
since electrolyte levels can be modified to suit cell and hemoglobin
function without producing detrimental volume changes.

The variations in erythrocytic electrolytes observed may produce a cell
environment favoring glycolysis in winter as compared to summer trout and
in cold acclimated carp. This could be an adaptation to offset the direct
effects of reduced temperature upon metabolic processes.

The most significant aspects of the thermoacclimatory changes in the red

cell electrolytes are in the effects they may have on hemoglobin function.
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Trout maintained all electrolytes at levels conducive to a low oxygen
affinity state throughout all acclimation temperatures. This may be of
advantage to the trout since they have high O2 consumptions at all tem-
peratures and rely heavily upon venous deoxygenation to compensate for
oxygen need. Carp, on the other hand, modified erythrocytic chloride and
magnesium levels with temperature in a way that would produce reductions
in hemoglobin oxygen affinity with increased temperature. Such a response
would facilitate the venous unloading of oxygen under conditions of in-
creased oxygen need.

In both species cell chloride and magnesium are inversely related and
appear to be altered in relation to the transmembrane potential changes
accompanying acclimation.

Erythrocytic membrane and cytosol carbonic anhydrase present in rainbow
trout acclimated to 2°, 10° and 18°C were assayed, at the temperature of
acclimation, and at 25°C, to evaluate the possibility that thermal acclim-
ation results in the adaptive modifications of this enzyme within the
erythrocyte.

It was found that trout acclimated to 18°C had higher hematocrits and lower
membrane and cytosol protein levels than fish present at 2° and 10°C.

When assayed at 25°C, the membrane fractions of fish acclimated to 18°C
showed considerably higher specific activities over fish acclimated to 2°
and 10°C. The significant differences were amplified even further when
each membrane extract was assayed at the temperature of acclimation. Al-
though the cytosol specific activities changed very 1ittle with acclimation
temperature when assayed at 25°C, again when assayed at the temperature of

acclimation, the effect of temperature was to amplify differences between
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acclimation groups.

Since membrane and cytosol protein varied with acclimation, alterations
in specific activity do not necessarily indicate functional changes in
carbonic anhydrase. In view of this, the activities present per ml of
packed erythrocytes were calculated. It was found that the differences
in activity that could be attributed to the thermoacclimatory process

was quite modest (<10% change in mean levels of activities). On the other
hand, assays performed at the temperatures of acclimation showed a large
temperature effect where under in vivo conditions of temperature, fish
acclimated to higher temperatures might be expected to have higher
activities per ml of erythrocytes. Furthermore, since hematocrit in-
creases with temperature, the whole blood levels of this enzyme are
expected to increase and further augment the temperature effect.

It was concluded that although very little qualitative or quantitative
change in carbonic anhydrase took place within the trout erythrocyte,
increases in temperature followed by raised hematocrits (when they occur)
would produce higher enzyme activities. This, in turn, could aid in the
reduction of CO2 tension and increase the production of H and HCO3' used

in the active uptake of Na' and C1~.
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Appendix 1. Determination of "Trapped Plasma" Correction

Two 1.0 m1 aliquots of blood, freshly-drawn as previously described,
were pipetted into separate cuvettes. Remaining blood was used for deter-
minations of hematocrit and red blood cell count and calculation of mean
erythrocytic volume.

Five ul of 14

C-labelled PEG-4000 (polyethylene glycol, 4000 M.W.,
Amersham/Searle, Arlington Heights, I11.) at a radioactive concentration
of 250 u Ci/ml of 0.7% saline was introduced into one of the cuvettes.
The other cuvette received 5 ul of non-radioactive 0.7% saline. Following
mixing by inversion, these samples were centrifuged (5000 g, 5 min). Plasma
was drawn off as close as possible to the erythrocyte layer, and any remain-
ing plasma extracted with cotton swabs. Radioactive and non-radioactive
plasma and erythrocytes were then used to prepare eight types of scintil-
lation samples in triplicate.
Vial *E contained 50 ul radioactive erythrocytes + 5 ul, 0.7% saline.
Vial *P contained 50 ul radioactive plasma + 5 ul, 0.7% saline.
Vial E contained 50 ul nonradioactive erythrocytes + 5 ul, 0.7% saline.
Vial P contained 50 ul nonradioactive plasma + 5 ul, 0.7% saline.
Vial *B contained 50 pl nonradioactive saline (0.7%) + 5 ul of PEG-
4000* @ 250 pCi/ml of 0.7% saline.
Vial B contained 55 pl nonradioactive, 0.7% saline.
Vial *BE contained 50 pl nonradioactive erythrocytes + 5 ul, PEG-4000%
250 pCi/ml of saline.
Vial *BP contained 50 ul nonradioactive plasma + 5 pl PEG-4000*250

pCi/ml of saline.

*indicates the presence of radioactivity
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In each case these were dissolved in 1.0 m1 of NCS tissue solubilizer
(Amersham/Searle) at 60°C and allowed to stand for 12 hrs. After this
50 ul of tissue decolorant was added (1 g benzoyl peroxide in 5.0 ml
toluene), and the solution was allowed to stand for 1 hr at 40°C.
Finally, 15 m1 of 2:1 ACS/Xylene (Amersham/Searle) was placed in each
scintillation vial, and the containers stored in the dark for 24 hrs
prior to scintillation counting for 15 minutes using a Searle Delta 300,
1iquid scintillation counting system.

The scintillation vials were grouped into three categories: (1) *E
and *P were used to calculate the trapping factor, (2) E, P and B, which
had no introduced radioactivity, provided background counts for the
various fractions, and (3) *B, *BE and *BP, which had exactly the same
amounts of introduced radioactivity, were used to calculate the quenching
of each fraction due to coloration.

Since the external standard ratio (ESR) (the degree of quench im-
parted to a barium standard built into the scintillation instrument) is
the same for blood fractions *E and *P used to calculate the plasma
trapping factor, and *BE and *BP respectively used to calculate the quench,
the degree of quench occurring in *BE, *BP can be said to represent the
quench found in *E and *P.

The amount of quench was calculated by comparing the dpm between *BE
and *BP, and a blank vial *B containing 50 ul of saline instead of plasma
or erythrocytes but the same amount of radioactivity. Therefore,

*BE -
Erythrocyte Quench (EQ) = ;%E—:—%

where all variables are in dpm except EQ, which has no units;

*BP - P

Plasma Quench (PQ) = yz—
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where all variables are in dpm except PQ which has no units.
The radioactive count of the plasma and erythrocyte vials used to
calculate the trapping factor could then be corrected for background

count and quench. Therefore:

Plasma count {(Pc) = *P - P where all variables are in dpm

Erythrocyte (Ec) = *E - E
count

Pc and Ec can be compensated for quenching by

non-quenched Pc = %6-x Pc where all units for variables

(NPc)
are dpm except EQ and PQ.

non-quenched Ec = %ﬁ-x Ec

(NEC)
If it is assumed that the PEG-4000 is non-permeable into erythrocytes
and indeed this is 1ikely since it is commonly used in determining extra-
cellular volumes, the radioactivity present in the 50 ul volume of erythro-

cytes (NEc) is due totally to the presence of plasma. Since a 50 ul volume

NEc
NPc

the 50 pl volume of erythrocytes and

of plasma produced NPc dpm then x 50 is the volume of plasma trapped in

ul's of plasma trapped in erythrocytes « 100
50 ul erythrocytes

gives % plasma trapped in an erythrocyte column obtained by centrifugation

at 5000 g.
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Anpendix 5. Summary of plasia electrolytes and the sum of all cations
(mCq/11tre plasna) of therwally-acclimated rainbow trout
(Salmo gairdneri). Reported as Lhe meantl slandard error
of the nean.

Acclimation Temperaiure Signif. Diff.
Heasurement | Season | 2°C | 10°C -i Toygec T T2°c 10%¢ 18°¢
— T
Na* Summer 160¢2.31 156+2.27 157+2.50 N.S.
..__,_N,__‘ S..L,__
; N.S.
! ——]
Winter 14412.09 15417 .26 151£1.79 | _ p<0.0]
i N.S.
| p<0.05
*p<0.01 N.S. il.S.
K* Summer 1.97£0.287 | 1.90:0.291 ' 2.1310.172 N.S.
T NS,
N.S.
Winter E 1.4340.140 | 1.60£0.183 3.20+0.308 NS,
9<0£1~_
p<0.01
fN.S. N.S. p<0.05% |
Mg+l Summer l 1.33£0.171 | 1.43:£0.132 1.36£0.136 T, !
N.S
i NS
— i
Winter 11.3620.100  1.56+3.65x | 1.6047.02y N.S.
TUSSIENE 10-2 NS,
I | N.S
LS. NS, NS
Cat? Sumper 4.65:0.164 | 4.65+0.204 4.67+0.:82"°  N.S,
| N.S |
N.S. |
]
Winter | 5.02:0.126 | 5.10v6.15x | 4.87£0.149,  N.S. '
10-2 N.S.
N.S.
*N.S. p<0.05 N.S.
c1” Summer 12641.95 127+2.26 129+0.993 N.S.
N.S.
N.S
Winter 13341.18 133+0.735 13341.54 NS,
.5,
N.S.
*N.S. p<0.05 M.S.
% cations Summer 168+2.85 164+2.16 16212.16 N.S.
NS,
N.S.
Winter 152:2.56 161+1.34 160+2.17 | _p<0.01
LTS P
. p<0.05
*p<0.01 N.S. HN.S.

*significant ditference, hetween seasons
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Appendix 3.

131

Summary of plesma elecirolytes and the sum of all cations
(mE¢/Titre plasma) of thermally-acclimated cerp (Cyprinus

carpio). Reported as the weantl standard error of the mean.
Acclimotion Temperature Signif. Diff.
Measurement | Season 2°C 16°C 36°C 2°C 16°C  30°C
Na© Spring 143£1.30 136+1.50 134+1.18 | p<0.01
N.S.
p<0.01
Kt Spring 3.9040.441 | 4.5540.432 4.,02+0.153 N.S.
NS,
N.S
Mg'2 Spring | 2.8016.79% | 2.29x8.35x 2.47+0.120 | p<0.01
10-2 10-2 N.S.
p<0.01
TR S e e s e o - 1 .
Ca'? Spring 3.7010.116 | 4.30+0.125 4.22+0.130 <¢.01
H.S.
p<0.01
1 Spriag 10612, 91 112+1 .32 113+1.28 NS,
NS,
N.S
L calions | Spring 15441.67 14747 .40 145+1 .24 <0.01
N.S
p<0.0}




Appendix 10 Plava eloetrolytos and the o of 1 catror, (0 tg/litre pla i) of thirmally- 132
vettmated cup (Cyprinus carpin),

Data Code ! + 12 4

1t om T ver M K Hg_ Ca S tatlons [
Accliiatd to 2t
1 (P-3 I 3.65 3.0 3 54 151.4 115.4
2 e 147 .5 2.7 3.04 3.98 152 3 105.8
3 cp-9 149,/ 2.45 2.60 3.48 149.2 3.7
4 cp-1¢ - 2.10 ?.37 3.24 - 85,7
5 Cp-1b 139 0 2.49 ?.79 3.41 148.2 93.7
G cp-18 141 2 - 2.85 2.97 - 113.5
7 {p-21 134 7 3.12 2,65 3.52 144 9 112.4
3 cp.os 149.4 2 86 2.7% I n 158.7 34.6
9 cr-27 144.8 5.48 2.86 3.7% 150.9 110.5
10 CP-30 TR 3.69 3.15 3.90 158.7 1100
11 CP-35 156.9 4.73 2.75 3.46 147.9 94.9
12 cr- 36 143.5 3.81 2.86 3.84 154.0 109.5
13 CP 39 145.3 /.96 3.39 4.51 161.2 110.4
14 cp-42 150.3 5.08 2.81 4,51 182.7 119.6
Mean 142.9 3.90 ?.86 3.70 153.8 106.4
Yariance 21.860 ?2.532 6.45x10-2 0.189 33,288 118.59
S. Dev. 4.676 1.592 0.2529 0.4349 5.7695 10.890
5. Err. 1.297 0.4414 6.767x102 0.1162 1.6655 2.9104
951 Confadence U 1457 4.86 3,00 3.95 157.4 112.7
Interval L 1401 2.94 2.1 3.45 150.2 100.1
Acclimated to 167
1 cp-2 134.2 5.31 7.44 3.77 145.7 111.5
2 cp-5 139.0 2.62 2.13 3.66 147 .4 1141
3 (r-8 136.4 4.59 2.97 4 20 148.2 110.0
4 cr-1 135.9 2.97 213 3.84 144.8 104.5
5 (P-4 127.8 2.99 2,72 4.91 137.9 -
6 P17 132.1 7.53 2.89 3 94 146.5 j13a
7 (P-20 13%.1 4.17 2.22 5.00 145.5 116.1
8 cp-22 HAA) 4.43 72.76 4.09 183.3 115.2
9 p-26 178.5 5.86 2.49 4.66 141.5 104.8
15 Cr-29% 1450 3.40 2.06 4.13 157.6 115.1
n Cp-3? 135.5 4.78 2 01 3.84 t14e 1 114.6
12 LP-35 12,.9 3.38 2.13 4 &7 177.6 112.2
13 cp-3° 138 3 7.08 2.24 4,96 152.6 1181
14 Cp-4i - - 1.89 4.84 - i12.0
Me»n 136.2 4.55 2.29 4.30 147.3 Nnz.4
Vartance 29.146 2.428 9.758x1072 0.2352 75.62 16.377
S. Dev, 5.398/ 1.558R 0 3124 0.4849 5.0611 4.0463
S. Frr. 1.49/3 0.4322 8.348x10-2 0.1246 1.4357 t.d2ee
65% Confidc, ce U 133%.4 5.49 2.47 4.53 150.4 114.9
Interval L 132.9 3.61 2.1 4.07 144.2 110.0
Acclimated to 30°
1 cp-1 132.6 3.80 1.89 3 82 142.1 110.2
2 cp-4 130.7 3.C4 2.65 4.03 141.0 106.4
3 cp-7 134.8 3.94 2.61 4.75 149 .1 118.8
4 CP-10 - 3.84 2.0? 3.30 . 115.7
5 (p-13 133.2 3.94 7.47 3.94 143 6 114
6 LP-16 129.1 4,14 z.41 4.11 139.8 110.5
7 cr-19 177.2 - 3.10 4.09 - 112.2
8 cp-22 128.7 3.68 2.49 3.90 138.9 113.7
9 CP-25 1241 3.86 2.44 4,30 144.7 119.8
1 Ch-28 137.4 A.00 181 410 14/.7 .
11 CP-3i 141 .5 309 2.03 4.5 152.2 108.2
17 CP-34 139 0 4,24 1.91 4.51 166,/ 109.9
113 cr-37 136.9 4 67 2.83 5.19 149.6 107.7
14 P-4y 134.2 5.41 3.32 4,70 149.6 120.0
tiean 133 & 4.02 2.7 4,227 144 2 1z 9
Var tance 18.029 0.3,51 (3.7201% 0.2359 18.344 21.387
S. Drv. 4.,78%] 0 5 /4 0 440 0.4857 4./8:50 4.06247
S. trr. 1.7 0.153¢ 0.1700 0.1/98 1.2364 1.,2827
957 Confiden o U 135 4.35 2.7% 4,50 145 .0 15,7
Incerved t 1313 369 2.1 3.9% 142.5 11061



Appendix 10,

Summarv of erythrocy.ic electrolyies and the sum of all

cattons {mFq/l1ae cells)
tewut (Satiro grirdnera).

erior of the meen,

ot thermrlly-acclimaied rainbow
Repoited as the meen+l standard

T , —
Acclwmat1on Tewpprature Signif. Diff, 1
Measurement | Season 2°C 10°C 18°¢ 2°C 10°C  18°C
P )
Na* :Summer 38.5+2.53 40.0£3.65 33.9£1.83 N.S. ;
i N.S.
! N S. {
Winter 40.4+1 78 35.0:1.33 34,511.49 p<0.05 WS ;
' RN L1 L S—
? p<0.05
*N.S. N S. N.S.
Kt Sumeer  77.441.58 |, 82.511.58 91.6:1.18 p<0.05 !
| p<0.01
g p<0.01 1
Winter  84.4:1.6C | 92.70.964 | 95.5:1.33 _ p<0.0] s
i
p<0.01 i
*
' p<0.01 p<0.01 p<0.05
- !
Mg*2 Summer , §.40:0.289 8.60:0.259 | 8.1%0.362| _ N.S.
N.S
Ty
N.S. !
o e | +
Winter | 9.33:0.120 ' 9.4910.188 9.54£0.200 N.S. |
| | NS
! NS, ’
I p<0 01 p<0.01 p<0.01
H
Ca*? Sumner ; 0.86716.60x §0.89428.28x  0.77623.78x N.S.
10-2 1 10-2 10-2 NS,
| o
x i -
inter | 0.48143.69x 0.430:3.89x  0.468'3.78x, __ N.S.
J0-2 10-2 10 2 N.S.
. N.S. B
p<0.01 p<0.01 p<0.C1
c1- Sunimer 78.611.02 ! 80.2+1.27 81.2-1.65 N.S.
N.S.
NS,
Winter 75,741,561 76.511.78 77.2x1.72 N.S.
N S_‘____
N.S.
*N.S.  N.S.  N.S
5 cations | Sumaer 12812,97 132:2.73 135:1.27 | N.S.
N.S
: p<0.05
Hinter i35 1.49 13841.65 140-1.80 N.S.
N.S
__p<0.05
k
v 0.05 N.S. pa@ 051

*signtticant d1fiorenres between seasons

133



Appondin 1H. Drythrecytte JTectiodvt L ognd the sun o of 310 cctton 08 /Tt cells) o thmrally

acctunted su oy vaind o trout (abio gurdn 1) 134
D> ta Code
Ltem Wi her N t’ M;JZ c.? ) cations e
Acelimcted {o 2
1 R1-6 20 0 u0.b 3.75 (¢ 644 130.4 75.0
? 217 46 Y 723 7.29 €.ane 127.3 78.6
3 Ri-12 16 45 /2.9 - 1.6 - -
4 RT-13 17.4 81.1 8.75 0.49, 133.7 80.4
5 K1-14 40 6 841 910 0.306 134.6 82.5
6 RT-1% 31> 70.0 7.8 0.530 109.7 77.3
7 RT-22 26 88,5 9.93 0 72 127.7 70.8
8 R1-23 10 712.6 .12 0.633 147 6 82.0
9 k1-24 44 0 78.9 5.48 1.007 132.4 88.3
10 RT-25 4?2.8 ®2.6 7.83 0,759 133.9 80.2
i RT-26 42.3 79.2 9,23 0.611 131.3 78.9
12 R1-27 43.7 83.1 0.08 1.035 136.9 75.4
13 R1 28 29.6 68.7 - - 79.6
14 RT-29 42,0 - 1.365 - 81.3
15 P 30 79.8 69.1 6.11 1.169 106.7 74.4
16 RT=31 33.2 76.9 9.23 0.962 120.3 78.3
17 HT-32 - - - - - 75.0
Mean 38.5 7.4 8.490 0.867 128.2 78.7
Variance 1021 37.52 1.088 6.531x10-2 116.01 16.69
S. Dev. 10.10 6.125 1.043 0.2556 16.517 4,085
S. brr. 2.526 1.582 0.2893 6.598y1072 2.9170 1.021
95°% Coniidence U 43.9 80.8 9.03 1.01 134.5 80.8
Interval L 330 74,0 7.77 0.726 121.9 76.5
Peclimated to 10°
1 RT-4 54,1 77.6 7.23 1.471 140.4 83.(6
2 R1-5 50.5 78.7 7.81 0.670 137.2 86.6
3 RT-10 44 1 841 6.85 0.600 135.7 82.5
4 RT 11 44.8 83.7 8.68 1.115 129.6 80.1
5 RT-16 40.6 88.4 8.68 0.694 138.4 83.2
6 RT-17 29./ 86.1 8.81 0.626 125.¢ 84.7
7 RT-1% 17.6 92.5 10.87 0.5:1 120.9 7.4
8 RT-19 3.2 33.6 3.33 0.818 134.9 77.2
g RT-20 13.7 86.1 8.34 0.739 108.9 63.9
10 RI-2 36.0 76.% 7.23 0.740 121 .1 80.0
1 IT-36 26.. 86.? 10.05 1.6%6 123 .4 75.3
|4 RT3/ 26,9 81.2 8.58 0./03 137.4 83.0
13 R7-33 43.2 82.6 9.34 0.695 14C.8 80./
14 RT-41 64.3 70.3 8.47 1.309 144 .4 84.1
15 RY-72 - - 8.36 1.626 - 77.2
16 RT-43 51.8 86.1 8.96 0.870 147.7 84 .1
17 RT-44 - - - - - 80.4
Voan 40.0 83.5 8.60 0.894 132.4 80.?
Vartan-e 200.2 37.66 1.074 0,109/ 111.9% 27.57
S. Dev, 14,15 6.137 1.036 0.3313 10.5/79 5.251
S. trr. 3.653 1.584 0.25%0 8.283x10~2 2.7314 1.274
y5% Confidence U 47 8 86.9 9.15 1.07 138.3 82.9
Interval L3z 80.7 8.0v 0.717 126.5 77.5
Acclimated to 18°
1 Pi-1 - - - - - -
2 RT-2 23.9 99.? 6.60 0.586 130.3 81.6
3 Ri-3 23.6 97.5 9,79 0.592 131.5 68.0
4 PT-8 30.7 98.8 8.34 0.793 138.6 97.%
5 Rf-¢ 33.9 92.6 4.15 0.494 131.6 80.1
6 RT~33 26 1 91.3 8.69 0.757 1301 80.5
7 pPr-34 3.2 96.6 9.5z 0.733 138.1 78.1
8 RT-35 32.9 88.4 9.40 0,800 131.9 73.9
9 pr-39 42.7 83.7 8. 1.119 135.9 83.1
10 pi-40 0.8 9 3 9.16 1.044 141.3 .
1 Pt A5 - - - - - -
12 FT-46 - - - - - -
13 R1.47 40 1 85.7 6.73% 0.644 133.2 86.6
14 RY-4F 2?5 91.4 8.3 0.75% 123.0 17.8
15 RT-46 30.4 90.9 9.12 0.716 3 85.1
16 RT 50 442 65.7 7.04 0713 137.7 81.2
17 RY-51 34 %% .5 8.26 0 641 1368 75.8
14 kl-52 41 6 90,3 7.4 0 706 143.7 84.8
15 Fi-53 30 4 897 @ hQ 0..07 1931 /6.8
Mran 339 51.6 8.14 0 /h 1M e1.7
Voriante 03 A 72,013 ? 099 2 2431077 26,921 40,59
S, Duv. LR 4,7 1,449 0 1494 bty b3/l
SoLr, Y 1.1804 ., 3.7 6.0 ¢ 108 1.64Y%
57 Contrd nee u o 3/ g4 .1 5.9 0 85 1n.? w17

Interval ! il 891 7 3 0 647 1 /7.0
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Eeeiry ced bt
i Py By -
2 Rioh b,
3 PN 440
4 toh 49t
5 it .
9 Ri-ul 3n.7
7 RE £ -
& Ri-6 -
g Rl-t 26,8
10 RT. 60 40.7
I8 R1-74 37a
12 LT-7% -
14 Ri-76 51.4
14 RT 77 39.6
(1 RI-9n 3.
1 RI- @1 41.4
i 7-9° 30.7
18 RI 43 51.2
19 Rv-t% -
20 R1-95 43.9
21 R1-96 -
22 RT-97 -
23 RT-116 301
24 PT-117 48.8
25 R1-118 47 .4
26 RT-120 50.7
27 KT-121 43.4
Mean 46.4
Variance 63.01
S. Nev. 7.938
S. Ler 1.775
95% Confidrnce U 44.1
Interval L 36.7
Acclimted to 197
1 RT-6€ 39.6
2 RT-67 37.8
3 RI1-7G 37.6
4 KT-71 36.7
5 Pr-7¢ 3.8
§ x1-80 45.5
7 aT Ul 38.3
3 RT 34 34.5
9 7-35 34.0
10 RT-C€ -
t1 RT-84 -
12 RT-102 22.7
13 RT-103 -
1 R1-104 35.6
15 RT-105 -
16 RT-110 -
17 K1-111 31.1
18 Ri-712 3 A
19 RT-113 49.6
20 RI 114 31.4
21 RT-115 29.0
Mean 35.0
Variance 28.2
S. Dav. 5.313
S. Frr. 1.328
95% Coufidence U 37.8
Interval L 32.2
Acclimater to 182
1 Ri-54 -
z Ri~45 9.t
3 RT-67 ?1.2
4 Li-53 38.0
5 2T 73 50.2
6 pl-72 26.8
7 R1-/2 2.2
8 RT-87 30
9 PT-43 5.6
146 Ri=24 8.7
1 RTw6/ 2.3
17 RT3 EUs
13 R1-99 N
T4 FT-100 472
16 R1-101 T
16 pY-104, T
1/ Pr oY/ AN
18 PT-14, IR
in pf 1oyt H
0 VG 7
Wiy )
Yeuog s PR
' Iy ,
by LAY
L g s i if
It ! t H

Soobvee b the v ed ot g bt b ) ot
A TE SIS PR U TE I S TP N SRR IR
b n ! ot Cationy
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4.5 9.34 0.318 112.5
97.3 9.04 0.457 141.3
96.7 3.70 0.477 140.3
96.7 - 0.390 -
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89.7 9.75 - -
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Appendix 13.

136

Surnary of erylinrocytic elecirolytes and ihe sum of all
cations (mEg/litre cells) of thermally-acclimaled carp
Reporied as the meanll standard error

(Cyprinus carpio).
of the mean.

Acclimation Temperature Signif. Diff.
Measurement |Season 2°C 16°C 30°C 2°C  16°C  30°C
Na* Spring *0.07 1.67+0.561 8.77.0.843 kal
p<0.01
* %
K! Spring 84.5+1.68 82.112.27 87.8+1.52 N.S.
p<0.05
N N.S. .
Mgt? Spring 16.210.357 | 16.8+0.312 11.9+0.466 N.S
_p<0.01
p<0.01
Cat? Spring , 0.74017.56x | 0.699+8.33x | 0.719+4,006x N.S.
10-2 10-2 10-2 N.S
N.S -
c1- Spring 45 .110.846 ; 58.4+1.38 72.5+¢0.990 | p<0.07
_p<0.01
p<0.01
L cations | Spring 10211.79 102+2.58 110+1.86 N.S.
p<0.05
n<0.01
*mean

**proper enalysis not possible


http://16.2i0.357
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Rpperngry 1¢ Levihrocyvie clootyolyt « and the sum of all ot s {mbg/Titre cells) ot Lhornally
i
aCtTuated worp {Lyprinus carpic).

Dita (oge
Ttew Number wt £ quz fa ‘f_ }_cations v
Acctumited {o 2
1 (p-3 0 A 14.68 0.870 92.7 50,7
? -5 0 86.48 15.38 G.765 103.0 43.6
3 {P-9 0 92.2 16.81 U bl 109 6 43.2
4 Cr-12 0 €9.35 1711 0.721 107.2 41.9
5 Ch-1b 0 83.4 17.42 1.455 102.3 4.4
4 p-18 ¢ 95.1 17.63 0.518 113.3 42.9
7 cp-21 0 a3.1 16.61 0.680 106.4 451
8 Cp-¢4 0 79.4 10.03 0.641 96.2 45,4
9 P2/ 0.¢61 84.6 15.99 U.620 1021 49.8
10 cp-30 0 81.5 16.31 0.583 98.4 49.0
11 (P-33 0 86,9 17.01 0.442 104.4 43.4
12 cp-36 0 80.4 16.39 0.441 97.3 46.8
13 CP-39 - - 12.38 0.684 - -
14 Cp-42 0 73.8 16.40 1.23¢€ 91.% 43.6
Mean 0.07 84.5 16.16 0.740 101.8 451
Variance 36.61 1.78¢8 7.991v10-2 41.485 9.309
S. Dov. 6.050 1.3374 0.2827 6.4409 3.051
S. Frr. 1.678 0.35745  7.355:10 2 1.7864 0.346¢
9%% Confidence U 88.2 16.93 0.903 105.7 47.0
Interval L 80.9 15.39 0.577 97.90 43.3
A~clrmated 1o 16°
1 cp-2 - - 14.56 - - 65.4
2 (P-5 2.22 85.1 16.95 0.676 105.0 55.3
3 cp-8 0 76.1 15.56 0.477 92.2 65.6
4 cp-11 0.193 83.1 17.11 0 605 106.0 53.0
5 CP-14 2.61 92.9 17.07 0.52¢ 113.1 57.6
6 cp-17 3.73 76.7 16.15 0.504 97.1 62.0
7 (P-20 6.6 g1.7 16.°1 0.552 14.2 63.4
8 Cp-23 2.59 85 7 17.03 0.611 106.0 59.3
9 Cp-25 0.079 7..2 16.00 0.575 69.9 59.9
10 p-29 0 86.9 18.46 0.590 106.0 56 3
11 cp-32 1.46 86.9 18 34 0.664 197 4 48 8
i2 (p-35 0 73.0 17.80 1.319 92.1 59.0
13 (p-28 0.761 69.8 17.72 1.288 83.5 61.6
14 CF-41 - - - - - 50.8
Mean 1.67 82.1 16.84 0.699 101.5 53.4
Variance 3777 67.05 1.2633 8.319x10-? 79.764 26,6299
S. Dev. 1.943 7.877 1.1240 0.2884 8,931 5.1604
S. Err. 0.5610 z.274 0.311/3  8.326v10-¢ 2.5762 1 3792
95% Confidence U 2.90 87.1 17.52 0.882 107.2 61.4
Interval L 0,430 77.1 16.16 0.516 95.9 55.4
Acclimated to 30°
1 cp-1 - 75.4 14.19 - - 72.5
2 cp-4 8.55 86.2 11.10 0.711 106.5 71.6
3 cp-7 13.70 85.8 11.84 0.747 1.6 75.2
4 cP-10 6.57 94.8 11.12 G 752 113.2 71.1
5 CP-13 5.84 96 9 10.66 0.635 108.1 77.0
6 cP-16 6.42 94.0 11.19 0 892 112.5 74.3
7 cP-19 6.44 80.9 10.07 0 630 65.1 70.0
8 cp-22 15.79 £6.1 12.73 0 rag 117.0 69.9
9 cp-25 10.45 9z.8 12.3¢ 0.695 116.1 76.9
10 cp-28 9.42 93.3 11.55 0.565 116.2 72.7
1 (p-31 8.48 29,9 14.36 0.6/1 114.4 67.5
12 (p-34 . 80.8 13.77 0.55? - 66.5
13 ce-37 7.52 82.6 12 92 0.566 103.6 0.9
14 CP-49 7.03 83.1 7.87 1.035 99.1 79.%
Mean 8.77 87.8 11.8k 0.719 104,49 7.5
Varianc b 519 32.49 3,033 2 1501077 41 60 11.73
5. Dov. 2,414 5./00 1.7414 0.1462 6.4544 4,705
5. Lrr. 0,882 1.523 04659 4.0%v10 2 1 4632 0,9903
9h« Confrdence yon.rs 91,1 12.85 0.8u8 113.6 157
Tntirval ! 6.92 84,5 M,y [LMTRY] Tuh % /u.4



Apperdiy 15

Su nary of erytniocvtic electrolytes and the suy of all
cetiuns {mfq/Titlre ¢»11 Hp0) of tnermally-acctirated rairbow

trout fSalmo g.ivdnori).

error ¢f {he meun.

Pepuorted as the rcan 1 standerd

{ Acclimation lemperature | Signif. Diff.
Meastvenent | Scason 2°C 10°C 18°C 2°C 10°C 18°¢C
Na* S mrer 48,913,174 50.114.,57 43,6+2.29 N.S.
___N.S.
N.S.
Winter 50.5+2.14 44 .8x1.68 44.,241.80 | _ N.S.
o heS.
p<0.05
*N.S. N.S. N.S.
Kt Sumner | 98.6:2.6b | 104.942.30 | 118.5+1.875 N.S.
_Pp<0.01
p<0.01
1
Winter 10522 48 I 118:1.46 12312.28 | _ p<0.01
N.S
. __Pp<0.0%
*N.S. p<0.01 N.S.
MgJZ Sur 10.720.487 | 10.8:3.15 10.5+0.482 NS,
__N.S
N.€.
Winte- 11.641 71 12.1+0.241 12 2.0.276; _ N.S.
N
N.S.
Tp<0.05 p<0.01 N.S.
cat? Surnier 1.11+0.090 | 1.1240.127 | 0.997+0.045, N.S.
l NS
N.S,
— —— N T T T T
Winter | 0.603:0.047  0.548:0.049 | 0.549940.049 M.S.
| N.S.
i N.S. _
*n-0.01 p<0.01 p<0 01
Ct St ey 10042.20 101=1.61 10512.39 | _ N.S.
M.S
NSO
Winter 94 341 .29 97.2+2.17 99.042.19 __N.S.
_hs.
N.S.
*p<0.065 N.S.  N.S.
L cations Sun er 16344.49 166+3.46 173+1.98 N.S.
N.S.
P00
Hinter /0 2.33 17712.728 177+3.18 |+ _ p<0.01
NS
—_ N.S.
L *N.S. p<0.0% N.S.
*o1gnifican! difierences hely n ceasons

138
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Apfurdiy Tn, Lrythoouyare w tor (Trtee 1,0/1 1t colls), crstoracytic vloctrolyto, and the
aumoof al) Citden, {oFg/ittre cell H,0) of thaoothy-acoom tod sumncy ratnbow ]39

trout (Salty gquadieri),

Dala Code trytheooyte

LX4

2 -
Tas  Hwbore | _Mater Na' . Mgt (a 5 cations ¢t
Acctimted to 22
1 Ri-6 0.715 b2.4 103.9 11.79 0,721 168.3 96.8
2 Ri-7 0.765 €1.3 94.5 9.53 1118 1¢6.4 102.,7
3 RT-12 0.788 20.9 97.5 - 1.470 - -
4 R1-13 0.796 44,5 1019 10.99 0.621 166.0 101.0
5 hi-14 0 764 51.0 136.7 11.43 1.013 169.1 103.6
6 K1-15 0.796 39.3 87.9 9.1% 0.729 137.2 97.7
7 RT 22 0.826 34,8 107.1 14.02 0.910 154.6 85.7
8 RT-23 0.80¢€ 75.7 90.1 10.07 1.039 176.9 101.7
9 RT-24 6.847 51.9 93,7 16.01 1.259 156.3 104.3
10 RT-25 0.800 53.1 102.5 9.71 0.94¢2 166 .1 99.5
n R1-26 0.£38 50.5 94.5 11.01 0.729 156.7 94.2
12 RT-27 0.797 54.8 101.3 11.39 1.299 171.8 94.6
13 RT- 8 0.738 37.6 87.2 - - - 101.0
14 R1-29 0.788 53.3 - - 1.732 - 103.2
15 RT-30 0.783 37.8 87.7 7.75 1.484 134.8 94.4
16 KT-31 0.611 54.3 125.8 15.10 1.574 196.9 128.1%
17 RT-32 0.765 - - - - - 98.0
Mean 0.783 48.9 98.6 10.73 1.109 163.3 100.4
Variance 3.432¢x10-3  157.8 106.0 3.0808 0.12093 262.17 77.285
S. Dev. 5,858410-2 12.56 10.30 1.7549 0.34775 16.192 8.7912
S. Ere. 1.625.10~2 3.140 2.659  0.48673  8.9788x10-7 4.4908 2.1978
95% Conf. U 0.819 55.6 104.3 11.79 1.301 173.1 105.1
Interval L 0.749 4z,2 92.9 8.66 0.916 163.5 95.7
Acclirated to 10°
1 RT-4 0.788 68.7 98.5 9.18 1.867 178.2 106.1
2 RT~5 0.836 60.4 93.5% 9.34 0.801 164.1 103.6
3 RT-10 0.795 45,5 105.8 8.62 0.755 170.7 113.8
4 RT-11 0.764 58.6 109.5 11.36 1.459 169.6 104.8
5 RT-16 0.755 53.8 117.1 11.50 0.919 183.3 110.2
6 R1-17 0.800 371 107.6 11.01 0.783 156.5 105.9
7 RT-18 0.805 1.1 114.9 13.50 0.633 150.2 96.1
8 RT-19 0.795 39.2 7.7 11.73 1.079 169.7 97.1
9 RF-20 0./74 17.9 112,/ 10.91 0.967 14¢.5 83.6
10 RY-21 0.785 46.6 97.5 §.21 0.950 154.3 101.9
14 RT-36 0.817 31.9 105.5 12.30 1.341 151.8 92.2
i2 RT-37 0.826 56.8 98.3 10.39 0.851 166.3 100.5
13 RT-33 0.857 5¢.2 96.4 10.90 0.811 164.3 9.2
14 RT-51 0.782 81.6 89.2 10.75 1.661 183.2 106.7
15 RT-42 0.788 - - 10.61 2.063 - 98.0
16 RT-43 0.788 65.7 109.3 11.37 1.104 187.4 106.7
17 RI-44 0.788 - - - - - 102.0
Mean 0.799 50.1 104.9 10.79 1.124 166.1 100.8
Variance 8.798x10-4 313,90 79.220 1.5%95 0.1838 173.37 44.040
S. Dev. 2.966v10-2  17.716 £.9062  1.2607 0.42881 13.393 €.636
S. Err. 8.227x10~3 4.5742 2.2936  0.31518 0.10720 3.4580 1.6095
95% Conf. U 0.817 59.9 109.8 11.46 1.353 173.5 104.2
Interval L 0.781 40.3 100.0 10.12 0.895 158.7 97.4
Acclimatcd to 18°
1 RT-1 - - - - - - -
2 RT-2 0.788 30.3 125.9 8.33 0.744 165.3 103.6
3 RT-3 0.7806 30.0 124.0 12.46 0.753 167.3 86.5
4 KT-8 0.764 40.2 179.3 10.92 1.038 181.4 127.6
5 RT~9 9.807 52.0 114.7 5.14 1231 1631 99.3
6 RT-33 0.797 3.5 114.6 1. 0.950 163.2 101.0
7 RT-34 0.74% 39.2 121.4 11.9 0.920 173.5 98.1
8 RT-35 0,769 41.3 101.7 11.93 1.015 167.4 1uv.]
9 RT-39 0.794 h3.8 104.8 1.8 1.409 171 104.7
10 RT-40 0.809 50.4 1.6 11.3¢ 1.241 174.6 -
1 Bi-4b - - - - - - -
12 RT-40 - . - - - - -
13 Ri-h7 0.798 £0.9 108.8 8.54 0.817 169.0 109.9
14 144 0.7 30.7 124.7 . 1.030 167.8 1060
1A Ri-49 0,735 41 .4 121, 17.41 0.474 176.4 115.8
16 R 0.9%7 h4.8 106.7 §.72 0.2%4 170.0 101 .4
1/ PT-51 (A wh .y 124,27 .94 0.849 181 2 101.7
18 FT-52 0.75% 9.1 119.6 4 92 1.014 169.7 117.3
19 RT-43 0.750 he. 14 4, (RIS b 76 1L4.1 107.4
fean o) 43 6 e s 10.4 n.e0g 173.0 104,/
Voriande g0 00-0 gy s B0 AR 300107 60, 7¢4 “hLLk
5. Dev. 3.0 61077 “4q7e P, 1w 01815 7,624 9,77
4. trr. 700008 2.293 LA I BT W DR | (A 1.9%00 R L]
“ Conf D o /94 Aa. 7 170 4 ol (RS 1772 10,4

Interval ! 0,744 1,0 Tidh 1,66 0,100 160.4 99
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236x10-2 108.58 92.93
0.2288 10.420 9.640
671410-2 2.3300 1.891
0,700 174.4 28.4
0.507 164.7 90.6
0.188 177 .4 91.5
0.967 177.1 98.4
0.660 183.0 105.4
0.489 187.5 102.5
0.535 182.9 98,7
0 491 18%.9 103.8
0.416 186.5 102.1
0.605 187.2 77.6
0.608 179.5 109.6
0.48% - gz 8

- - 98.9
0.152 169.3 77.3

- - 109.1
0.465 168.5 1.7

- - 90.7
0.376 - 105.2
1.029 172.0 95.5
0.345 163.0 105.6
0.520 174.7 108.6
0.677 170./ 96.4
0.535 158.6 89.7
0.548 176 7 57.2
. 285,10-2 82.760 94.06
0.2.70 9.0°33 9.698
879:10-2 2.2746 7.116
0.651 181.6 101.6
0.445 171.98 92.8
0.751 - 85.7
0.557 164.2 11C.6
0.514 186.1 86.9
U493 145.7 104.1
0.465 169.8 113.5
0.5(4% - 104.7
0 L67 168.4 99.9
0./22 187.6 89.6
1.2/1 189 4 100.1

- - 23.5
0.616 141,/ 103.3
0.467 166.7 93.0
0.002 1842 102.?

. - 92,7
0416 160 % 944
6.3 169 4 93.7
U, 3o 17,7 1.7
(UVAK 141 & 11.L
0., 0 17,4 RN
(4, £ 107 [ RSL
it 176 8 ERT
[AR ¥} o Gl
1 8 [P 34
ot s e i
LA (AN i,
! ' {eld [
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Appendix 18.

141

Summary of crylhrocytic electrolytes and the sum of all
cations (mEg/Trtre cell HpQ0) of thermally-acclimated carp

(Cyprinus carpio).
of the mean.

Reported as the meantl standard error

*tproper anzlysis nol possible

Acclimation Temperature Signif. Diff.
Measurementi | Season 2°C 16°C 30°C 2°C  16°C  30°C
Nat Spring *0.,08 2.23x0.704 | 11.6+1.09 *x
**
K* Spring 112+2.15 110+3.58 11612.45 N.S.
N.S.
N.S.
Mgt2 Spring 21.310.620 | 22.5+0.566 15.740.651 N.S.
p<0.01
p<0.01
Cat+? Spring | 0.976¢0.109 | 0.940+0.1718 | 0.95040.05% | _ N.S.
N.S.
N.S.
ci- Spring 60.0+1.05 77.8x1.89 96.0£1.62 | p<0.0]
_p<0.0!
p<0.01
I calions Spring 134+2 .43 136£4 .15 145+£3.20 N.S.
N.S,
_p<0.05
*mean
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App ndis 19 Biyvtiros ybie water {Titre UPCTARERY cotte), vrythiacytic olectrolytbes ana the sum

of all catron, { tg/litie vell H(,(J) Of thermally acottusl d carp (Cvarinis carprod.

Data Code Lrytbrocyte i ' \2 o _
Ptew  Hunl ) _ Mater I k Hy Ca_ 1 vatlons [y

Act Ttgated to 7
1 cP-3 G.77 0 1?23 19.44 1.150 122.7 67.2
2 (-6 G./765 Q 113.4 20,10 1.000 134.6 56 9
3 r-9 0.744 0 123.9 72 .E0 0.577 147.3 58.1

4 cp-12 0.735 0 121.6 23.°27 0,941 145 9 62.4

8 cp b 0.754 0 110.7 23.10 1.930 135 7 54.9

5 cr-18 0.785 0 1211 22.46 0./07 144 .3 54 .6

7 ci-21 0.754 0 116.9 22.03 0,90t 136.8 59.8

8 Cr-24 0.785 0 101.2 20.48 6.r17 122.5 57.8

9 p-27 0.795 1.08 106 4 20.11 0.780 1¢3.4 672.6
Y (P-30 0.764 0 106.6 21.34 G.,763 128.7 641
11 LP-33 0.744 0 116.8 27.8b 0.608 140.3 53.3

12 CP-36 G.786 0 102.3 20.85 0.u61 123.7 59.4
13 cp-39 0.837 - - 14./% 0.837 - -

14 cp-42 0.683 4] 108 .1 24.01 1.81 133.9 63.8
Mewn 0.763 0.08 111.6 21 25 0.579 134.4 60.0
Vaiance 1.241x10-3 62.522 5.3845 0.1655 77.006 14.34
S. Dov. 3.523x10-2 7.901 2.320% 0.2069 8.7753 3.787
S. Frr. 9.415x10-3 2.1920  0.52017 0.108/ 2.4338 {.050
957 Conf. U 0.784 116.4 22.59 1.214 139.7 62.3
Interval L 0.743 106.8 19.91 0.744 129.1 57.7

Acclated to 167

1 cp-2 0.756 - - 19.26 - - 86.5

2 Cp-b 0.734 3.11 116.0 23.09 0.921 143.1 75.3

3 cp-§ 0.806 4] 94 .45 19.39 0.592 114.4 81.4

4 Cp-11 08.713 0.271 123.6 24.00 .89 148.7 74.3

& CP-14 0.744 3.51 124.8 ?72.9% 0./10 152.0 77.4

6 cp-17 0.786 4,69 96.4 20.29 0.633 122.0 77.9

7 cn-20 N.764 8.22 119.3 21.21 0.722 149.2 83.0

8 CP-23 0.68, 3.75 125.5 24.93 0.594 155.2 86.8

9 Ch-20 0 755 0.1 96,97 ?21.19 0.761 119.0 79.3
10 CP-7D 0.78, 4] 110.8 23.51 0.752 135.0 60.3
1 CP-47 0,758 1.93 114.9 24.26 0.878 142.0 4.5
12 CP-35% 0.756 4] $6.5 23.54 1.740 121.8 73.0

13 CF-38 0.704 1.08 99,11 25 17 1.830 1°7.2 87.5
14 Ch-41 0.734 - - - - 69.2
lean 0.748 2.23 109.9 22.51 0.940 135.8 77.8
Variance 1.382410-3 5.953 153,50 4.1687 0.1664 207 .07 50,22
S. Dev. 3.717x10-7 2.440 12.390 z2.047 0.4079 14.3¢0 7 026
S. Err, 1.073x10-2 0.7044 3.576¢ 0.56677 0.1177 4,1540 1.894
855 Conf. U 0.771 3.78 117.7 23.75 1.199 144.9 81.9
Interval L 0.724 0.68 102.0 21.28 0.681 126.7 73.7

Aecligeted to 30°

1 cp-1 0.734 - 102.7 19.33 - ~ 98.8

? cp-4 0.781 10.94 110.3 14.21 0.910 136.4 91.7

3 cp-7 0.764 17.72 112.3 15.50 0.978 146.0 93.4

4 CP-10 0.713 9.21 137.9 15.60 1.050 158 8§ 99.7

5 Cp-13 1,785 7.79 120 4 1411 0.841 143.2 102.0

6 cP-16 .75 8.50 124 .5 14 .82 1.180 149.0 98 .4

7 cpP-19 0.750 8.50 103.¢ 1?.91 0,901 124.8 59,7

8 cp-7? 0.77% 19,75 113.9 16,44 1.160 151.2 50,3

9 [ SV 0.72° 17,43 128.2 16.74 0.9(0 1€6.4 106.2
10 CP-2% 0.77% 12 1 120.4 1% 42 0./73 146,46 43.8
11 cr-21 0,735 .5 122.3 1054 0.9 Tod.3 91.8

17 (P-34 0,764 - 118.7 16.02 0 ice - 86.93

13 (RS 0.776 9.69 106.5 16.64 0 729 1235 Gi.4

14 CF «f) 0,756 9.140 1Moo 10,43 Y370 13101 105.2
f*ean 0,756 157 116 2 19 69 0 950 144 .9 9.0
Vartsncoe 4,732x10 4 14 210 84,187 5.9 &1 3 suea10-7 125,058 36.57
S. D v, 7.188x10 7) 377 9.1751 74300 01977 11013 G.043
S, Lrr. 5,85 1y10 1 03 2.45% D 65106 H.g4e,.00 ¢ 3.0 1,615
4527 (onf, U} 0.7¢2 [ 171.% 17.10 1 Ou) 151.6 99,5
Interval ! 0,744 5,17 110.9 14 79 0 31 1,7.6 ngLL



Appendix 20,

Sumnary of erythrocytic concentrations of hemoylobin (mMHDL/Titre
cells) and tne relationship of erythrocytic elcectrolytes to hemo-
globin (mCq/ubith) of thermally-acclimated rainbow trout {(Salmo

gairdreri).

Reported as the meantl standard error of the mean.

L Acclimation Temperature E Signif. Diff. f
Measurement ' Season ' 2°C 10°¢C ’ 18°C E 2°¢ 10°C 18°( |
- T T
nMHb/Titre | Summer | 3.97x9.27x| 3.88t5.92x | 3.87+4.75x N.S.
Lrythrocyte | 10-2 10-2 10-2 N.S.
‘ N.S.
Winter | 4.0%16.49x! 4.16+4.51x | 3.9316.03x _N.S.
10-2 10-2 10-2 " p<0.07
| | N.S.
} ll *N.S.  N.S. N.S.
Na*/miHb Summer | 9.83:0.663, 10.37:0.9811  8.69:0.496 _ N.S.
‘ N.S.
[ N.S.
Winter | 9.93:0.420, 8.48:0.386 | 8.8310.401 _p<0.01 ‘
[ ~ N.S.
i N.S. E
? *N.S.  N.S.  N.s. !
K* /mbHb Summer | 19.410.288  21.6+0.429  23.410.353 p<0.01 !
; E< ._0] '
| p<0.01 :
Wirter 20.9:0.576 , 22.4+0.332  24.4=0.335 _p<0.05 ‘
: _p<0.01 i
| i p<0.01 g
§ | | .S, NS HS.
B T 1
Mg+?/mMHb Summer 2.0944.96x  2.21+7.09r 2.08+9.79x N.S. |
102 1072 | 10-2 N.S. :
} | N.S.
Winter | 2.30:4.97x ' 2.28+4.86x = 2.45:7.55x| _N.S
10-2 4 10-2 | 10-2 N.S.
t
! ! N.S.
i
; | *p<0.01 N.S.  N.S.
cat? fmtHb Summer | 0.226%2.3]1x 10.229i1.99x :0.198f9.42x NS
1072, 10°2 10-3 N.S.
| ..
- e o 1 i
Winter | 0.117¢9.40x 0.10449.39%x  0.119:9.26x| _N.S.
10-3 10-3 10-3 TT_NLS.
] N.S.
i
] *n<0.01 p<0.01 p<0.01
C17/mMHb Sumner 20..?10.9485 20.7:0.439 ! 20.8:0.4961 IN.S.
| N.S
’ | N.S
Winter | 19.3¢0.978  18.510.012 | 19.8:0.517) _N.S. _
| NS,
N.S.
| .S, p<0.01 N.S.

*signiticant difference batween wcasons
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Appendin 01 Drytarocytic conconrctrons of honovgplobay {wbtl /oitie ced ) ar 1 the velationship 144
of creythruevit edechrolytes to haoylatna (g b)) of theanally aocbimated

s aCt 1atnbow trout (Sal o qrirdnert),

Pata {ud~
Tt R lib tat n g’ ca'? 1
Acclimated te 27
j RT-G 207 9 93 19.8 2.15 0.137 16.4
2 R1-7 4.9 11.19 17.3 1.74 0.202 18.8
3 PT-12 4,12 4.00 1.7 - 0.232 -
4 K113 4.39 9,89 18,5 1.99 0,113 18.3
5 FT-14 4,27 49 51 19.7 213 0.1:9 19.3
6 RT-15 3.60 8 69 19.4 2.0? 0.161 21.6
7 hT-72 4.0 6.61 20.5 2.30 0.174 16.4
8 RT-23 3,91 15.60 13.6 2.08 0.714 21.0
g F1-24 393 11 20 201 2.16 0.272 22.5
10 RT-27 4.07 10.52 20.3 1.92 0.186 19.7
N PT-26 4.14 10 19 19.1 2.22 0.147 19.0
h RI-27 4,18 16.45 12.9 2.17 0.258 18.0
13 R1-28 3.79 7.81 181 - - 21.0
14 RT-79 304 13.87 - - 0.449 26.7
15 RT 30 3.24 9.20 21 3 1.88 0.361 23,0
16 R7-31 3.85 §.02 20.0 2.40 0.250 3.2
17 RF-3? 4.47 - - - - 17.0
Mean 3.97 9.83 19.4 2.09 G.226 20.7
Variarce 0.1462 7.044 1.248  3.201x70°7 7.987x10-3 14.38
S. Dev. 0.3823 2.654 1.117 0 1789 8.937x10~2 3.7%2
S. Err. 8.272x10-2 0.6635 0.2884  4.962x10-7 2.307x10-2 0.9481
95% Confidence U 4.17 11.74 20.0 2.20 0.275 22.8
Interval L 3.78 8.41 18.7 1.98 0.176 18.7
Acclimated to 10°
i RT-4 3.82 14,16 20.3 1.89 0.385 21.9
RT 5 3.87 13.05 20.2 2.02 0.173 22.4
3 Ri-10 3.84 11.48 21.9 1.78 0.156 21.5
4 RT-11 4.03 11.11 20.8 2.15 0,277 19.9
5 RT-16 4,50 .02 19.6 1.93 0.754 18.5
6 Fr-1/ 393 7.60 22.0 2.25 0.160 21.7
7 Ri-1o 3.90 4.36 23.7 2.79 0.134 19.8
8 RT-19 4,61 7.78 23.3 2.33 0.204 19.3
2 RY-20 357 3.64 24 1 2.34 0.707 17.9
10 AT 3.74 9,79 26.5 1.93 u.i1v9 2.4
i pra3c 4,01 6.51 1.5 2.51 0.273 15.8
17 RI s 3.2 12.96 2.4 2.3/ 0.194 22.9
13 K38 3.66 13.17 22.6 2.55 0.190 22.0
14 R1-41 3.84 16.74 18.3 2.21 0.341 21.9
15 RT 42 4,32 - - 1.94 0.376 17.9
16 R1-43 3.69 14.04 233 2.43 0.236 22.8
17 R1-44 3.67 - - - - -
Hean 3.88 10.4 21.6 2.21 0.229 20.7
Variance 5.954 14,44 2.765  8.036,1072 6.360x10~3 3.091
S, Dev. 0.2442 3.800 1 663 0,283 7.975x10-2 1.758
S. Erer. 5.923x10-2 0.9811 0.426%  7.087x10 ? 1,994x10-2 0.4395
95, Lonfidercc U 4.00 12.5 22.6 2.36 0.271 21.6
Interval L 3,76 8.3 20.7 2.06 6.186 19,7
Acclimated to 189
1 Ri-1 3.68 - - - - -
PT-2 3.92 6.10 25.3 1.68 0.149 20.8
3 RT-3 4,00 5,90 24.4 2.44 0.148 17,0
4 RT-8 4.09 7.51 24 2 2.04 0.194 23.8
5 P1-9 4,12 £.23 204 1.01 0.741 19.4
6 RT-33 3.70 7.06 20 7 2.41 0.205 21.8
7 P1-34 3.66 6.52 76 4 2.60 0./00 21.3
8 K1~25 3.94 6,35 22.5 2.3 0.703 20.0
9 FT-29 3.81 11,21 21.8 2.33 0.293 21.8
10 RT-40 4,05 10 07 22.% ?2.26 0.243 -
1 RT-45 548 - - - - -
12 RT-45 3,69 - - - - -
13 147 3.90 10.238 w20 1.73 0.165 2.7
14 RT-48 4,03 5,18 221 2.7 0.187 19.3
15 pi4Y 3.7 8N 24,7 2.43 0.19 22.7
16 Rl 50 3.54 1743 2 1.99 0 o0 230
17 Pr51 405 #oon 213 2.0% 0.157 19 0
u P12 318 1. 227 1.80 0.1y’ 213
19 Ky =55 4,21 974 21,3 2.0c 6.192 16.2
% an 387 8 69 234 2,03 0.193 20.¢
Varien o 4 791 3 93 1.09; RN 1,410 3.689
5. Iy b 2071 10 1AL 0 rays V610 2 1.9
5. frr, VIR T 0.4 0 U 4 /100 9,473 0073 0.4959
9, Confide o U 3 497 4 74 42 PRV u 214 “1.8
Titteyval | 37 1o Py V.97 0178 19.7
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Wi o ot ow Dot 0 ey g g e Y
Dein {nl . . 2 'y .
Tt Koter Hh Nix b My Ga c1
AvcHimated O
1 Ri-h( 4.0 - - - €.11) (NP
2 PTa7 1,56 7.1 19,/ o.a7 0.07¢ 17.7
3 Ri-h 4,03 10.70 4 S50 [ s 6.3
4 RI o 5.74 17,97 1.4 2.5 0.243 218
5 Ri~Gu 413 } .65 2.3 .18 0.100 13.6
é RT 61 4,79 7.4 13 2.00 0.ud6 2.6
7 NEI 3.0% - 20,5 2. - 19,4
8 Ri-€6 3.7 - - - 0.164 -
9 RT- 68 4,04 6.65 26.5 Z.31 0.094G 18.4
10 RT-€0 3.66 L 726.5 2.39 G113 40.1
11 Ry-/< A.7/9 6.60 20.5 2.35 0.18/ 14.4
12 R1-7% 4.63 - - - 0.066 16.0
i3 RT-76 4.43 11.€0 17 4 2.19 0.0 15.%
14 RT /77 4.41 g.9a 19.5 2.20 0.066 14.9
15 RT-60 4.06 8.5h7 21.° 2.24 0.162 .6
16 R1-91 4,41 9.39 19.3 2.7 0.154 16.4
17 Ri-02 3.84 7.95 27.0 2 44 0.120 20.4
18 RT-93 4.16 12.31 1¢.¢ 2.18 0,157 14.5
19 RT-94 4.10 - 19.? 2 56 - 16.5
20 Ri-95 415 10.£8 19.¢ 2.04 0.060 21.2
21 R1-86 4.30 - 17.7 2.13 C.148 17.9
22 RT-8/ 3.97 - 21 6 2.18 - 20,7
23 RT-116 2.89 10.4 27.3 3.14 0.109 ?5.5
Z R1-117 4.30 1.3 17.8 2.03 0.07¢ 17.8
?5 RT-119 4.20 1.3 19.0 2.18 0.109 17.3
b RT-120 4.04 12.5 19.8 2.45 0.107 18.5
27 RT-121 4.07 106.7 17.7 2.40 0.126 15.5
Mcan 4.09 9.93 20 9 2.30 0.117 3 19.3
Variance C.1136 3.533 7.964 5.933x10-7 2.121x107 24 .89
S. Dev 0.3371 1.830 2.822 0.243C 4.605x10°2 4,989
S. Err, 6.488x10-2 0.4203 0.5761 4.972x106~2 9.400x10-3 0.9784
95% Confidence U 4,23 10.81 22.0 2.4 0.137 21.3
Interval L 3.9 9.05 19.7 2.20 0.098 17.3
Acclimated to 107
1 R1-66 3.96 10.00 23.0 2.31 0.067 18.3
2 R1-67 417 9.0o 22.8 2.62 0.189 19.3
3 Ri-70 4.50 8.36 20.3 1.92 0,114 17.7
4 RT-71 4.15 g.e4 22.9 2.31 0.089 18.7
5 RY-72 4.18 8.386 24.9 1.76 0.112 18.9
[ R{-80 4.0 11.35 23.3 2.50 0.097 20.5
7 Ri-31 4.2 9.30 22.8 2.27 0.077 18.9
8 RT-84 4.18 3.25 23.3 2.16 0.1C9 5.0
9 RT-85 3.84 8.85 25.2 2.53 0.124 2.4
i0 RT-%8 4.16 - 23.2 - 0.094 16.0
11 RT-89 4.32 - 21.0 2.29 - 6.0
12 RT-102 4.50 5.04 21.5 2,51 0.02¢ 13.1
13 RT-103 4,12 - 21.8 2,37 - 21.6
14 RT~107 4.29 8.30 21.4 2.35 0.092 17.5
15 RT-10C 4,02 - 211 2.36 - i8.0
16 RT-110 4.32 - - 2.02 0.061 19.6
17 RT-111 4.18 7.44 22.3 2.40 0.194 18.0
18 RT-112 4,61 /.76 22.3 2.28 (.069 21.0
19 RT-113 3.74 10.86 23.5 2.81 0.110 22.9
20 R1-11¢ 4.57 6.87 18.9 1.95 0.110 15.7
21 RT-115 4,13 7.0? 21.5 2.3 0.104 17.5
Mean 4.16 8.48 27.4 2.28 0.104 18.5
Variance 4,278x10-2 2.58 2,203 4.731:10-2 1.552x10~3 6.177
S. Dev. 0.2068 1.544 1.484 0.217% 3,040x10-2 2.485
S. Err. 4 .514x10-2 0.3860 0.3319 4.864x10-2 9.286x10~3 0.5423
95% Confiderce U .26 Q.40 23.0 2.39 0.123 19.6
Tatorval L 4,07 7.66 21 7 2.18 0.084 17.3
Acc tvme*rd to 187
1 RT-L4 3.93 - 24.5 Z2.51 0.152 17.4
2 RT-55 3.43 £.60 26.2 2.68 0.12§ 25.3
3 PT-62 4.14 6.57 25.4 2.3 0.623% 6.1
4 RT1-63 3.8/ n.82 P 2.3 0112 20,5
5 Rf-73 4,18 12.01 21.9 2.28 0.039 a7
6 P-/8 3.68 .60 - 2.15 0,115 213
7 RT-79 4 /L 5.43 241 2.20 (.05 17.5
8 RT-87 [t B.¢h YN 2.119 0,145 1¢.0
9 (T-94 G .94 25.8 2.5 U.244 19.2
10 Pr-36 4 12 6.97 VAT 7.22 - Tu.7
11 R1-L7 3.04 10./74 4.7 247 0.1°9 21 6
12 BT 09 4,140 &0 2.3 2.08 2.093 15.5
H #1-99 4,27 7.494 2704 Py 0105 14.5
14 RT-10u A7 16.Y, e 2N - 17.7
15 #1-10t 3.1 7.97 6t Ry L, 095 19.4
16 P1-10¢ 3.0 /.07 b I 0.050 149,49
17 pi-10n/ 3 -0 12.46 A0S 3.0 (e P
18 gY 11, 3 9h o ur 7 ¢ 0,108 PEEN
19 jy 3o +.79 Al 270 0. 03 475
20 Yoty 4,07 G4.04 rtn £ e LA [
M b g3 L’ (o . Hop oy
Yot 7 o 3009 R [P N A [ [ ]
Lo, [T [ [ ooy [ s 0
TN oo ! 0 T A G 0y pes i
attentyar ¢ 4 [t i/ | FSERY! ol P
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Appendix 23.
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Summary of erythrocytic concentrations of hemoglobin (mMHb/11itre
cells) and the relatioaship of erythrocytic elcctrolytes to hemo-
globin (mEq/mitHb), of thermaily-acclimeted carp (Cyprinus carpio).
Reporied as the meanxl standard error of the mean.

Acclimation Temperature Signif. Diff.
Measurement | Se~son 2°C 16°C 30°C 2°C  16°C  30°C
mMHb/Titre | Spring 3.62x0.110 | 3.74:9.11x 3.8146.76x N.S.
Erythrocyte 10-2 10-2 N.S.
p<0.01
Nat/mMHb Spring "2.08x10-2  10.41920.137 2.28:0.239 *H
p<0.05
*k
Kt /mMHb Spring 23.1£0.562 | 21.8+0.356 22.5:0 453 N.S.
N.S
N.S
Mg*z/wMHb Soring 4.49£0.120 | 4.52x0.132 3.03¢0.12V | N.S.
_p<0.01
p<0.01
a2 /My Spring 10.20612.20x |0.189+2.,72x 18741.,27x N.S
10-2 10-2 10-2 NS,
N.S
C17/mMiib Spring 12.420.461 | 15.8:0.631 13.610.439 | p<0.01
_p<0.01_
p<0.0}
*mean

**proper analysis nnt possible
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Apperdsx 240 Teythronytae concentration of 'oreelonin (sfdb/itic «o11s) and fne relationship
of Giythiveytic elecialytes to heo g lobin (wdgZnescib) of theemslly ecclinated

carp {Lapring varpio),

D ta Coiv p
Ttem  lob 1 H mt i .t et o
Aeclwrated 1o 2
1 ¢p-3 4.0u 0 19.3 3.7 0.718 12.7
2 cP-6 3.52 Q 4.7 4.37 0.217 i2.4
3 (P-4 4.21 0 21 9 3.99 G.146 10.3
4 Cr-12 4.07 0 1.9 4.20 0.177 10.2
5 Ch-15 3.86 o] 216 4.51 0.377 0.7
6 cr-18 3.73 0 25.5 4.72 (1.160 1.5
7 Cp-ud 3.87 a 27.8 4£.29 0.176 1.7
8 Cp-24 2.1 a 25.5 5.17 0.206 14.6
9 CP-27 3.9 0.270 26.5 5.01 0.194 15.6
10 CP-30 3.80 0 21.4 4,79 0.153 12.9
" CP-33 3.81 0 22.8 4.46 0.119 11.4
12 CP-3b 3.5 0 22.6 4.60 G.124 13.1
13 CP-39 2.88 - - 4,29 0.238 -
14 (p-42 3.08 0 24.0 5.32 0.40 14.2
Mean 2.62 2.08x10-2 231 4.49 0.208 2.4
Variance 0.1687 4,10 0.2026 7.171x10~3 2.763
S. bev. 0.4108 2.0625 0.4501 8.468x10-2 1.667
S. Err. 0.1092 0.5624 0.1203 2.263x10-2 0.4610
95% Confidence U 3.66 ?4.3 4.75 0.256 13.4
Interval {  3.38 21.9 4.23 0.159 11.4
Acclirated 1o 16°
1 p 2 3.56 - . 4.09 - 18.4
2 CP-5 3.74 0.610 2?.5 4,53 c.181 14.8
3 cp-8 3.12 0 24 .4 4.99 0.183 1.0
[ Cp-11 3.94 0.049 22.4 4.34 0.154 13.5
5 cr-14 .30 0.599 21.3 3.92 g.121 13.2
6 Cr-1/ 3.7¢ 1.010 20.7 4.36 0.136 16.8
7 (p-20 4.z 1.480 ?71.5 3.82 G.123 £.0
8 Ch-23 3.96 0.€51 21.5 4.28 0.15¢ 14.9
9 (p-26 3.6/ 0.022 11.9 4,36 0.1%7 16.3
10 cp.29 3.92 0 21.8 & 64 G.148 14,1
1 Cp-32 3.76 0.368 23.1 4,48 0.177 13.0
12 CP-3h 3.33 0 21.9 5.35 0.396 17.7
13 Cp-38 3.40 0.224 20.5 5.21 0.379 18.1
14 CP-41 3.63 - - - - 14.0
Mean 3.74 0.419 21.8 4 .52 0.189 15.8
VYariance 0.1161 0.2234 1.6527% 0.2255 8.853x10-3 5.570
S, Dav. 0.3407 0.4727 1.234 0.4749 4.400x19"2 1.329
5. Err. 9.705x10"2 0.1365 0.3563 0.1317 2.716x10 2 0.630%
5% Cunfidence U 3.94 0.720 22.6 4,81 0.250 171
interval L 3.55 0.119 21.0 4,23 0.130 14.4
Acelameted Lo 307
1 ci-1 4.13 - 18.3 3.44 - 17.6
2 P-4 3.64 2.35 23.7 3.05 0.195 19.7
3 cp-7 3.56 3.70 4.1 3.33 0.210 2t A
4 (P10 3.32 1.68 74.? 2.84 0.192 18.1
5 CP-13 4,02 1.46 22.6 2.(5 0.1.8 19 2
6 Ch-16 4.05 1.59 ?23.2 2.76 0.220 18.3
7 cpP-1) 4.0¢ 1.61 20,1 2.50 0.157 17.4
8 CF-27 3./3 4.10 23.6 3.41 0.240 6.7
g cpe2h 4,14 2 52 ?72.19 7.93 0.168 18.6
10 (P2 4.42 2.3 211 2.70 0.128 16.4
n Ch-1 3.75 2.26 4.0 3.83 u.179 18.0
12 (P-4 4.08 - .4 3.39 0.136 16.4
13 cp-37 3.77 1.99 1.9 3.43 0.150 18.3
14 (p-41) 3485 1.43 ?3.4 2,22 .72 22 .4
taun 3 9] B ?.78 7 3.03 0,147 18.6
Varianr e 6382100 0.070u YRy 6.002 ?.u96s 103 2,772
G. Doy, 0.724%77 0 L7 1,096 [UNLTVA 4575 107 1.u4d
5, bri. 6./ 10~7 (1,230 0.4,3 a.1.205 1.270.10-7 0.4349?
ah Contidenos U 4 U, 400 2uh it 0./14 196

Interyal L 1717 1.7h 715 £aii 0.1:3 17



148

Appendix 25  Summary of Nerst potentials (1V) across the erythrocytes
of therwally-acclipated rainbow trout {Salmo cairdneri), das

calculated using different elcctrolytes. Reported as the
meant!l standard error of the nean.

Acclimation Temperature Signif. Diir.
ffeasurement | Season ; 2°¢ 10°C 18°C 2°C 1ceC 18°C
Enat Sumpver | +30,7+1.69 | +30.,7+2.57 434.441.69 N.S.
1@ NS,
N.S.
Winter | 426.5+1 03 | +31.8£0.910 | +33.1£1.11 p<0.01
N.S.
p<0.01
*n<0.05 N.S. N.S.
FK+ Sumer | -94.843,37 | -99.242.72 -99.9£2.75 | __ N.S.
N.S.
N.S
Winirr -103+2.35 -106:2.78 -92.7£2.65 | N.S.
p<0.01
. p<0.0l
*N.S.  N.S. N.S.
E, 2 Supmar | ~25,5+1 74 | -25.3%1.62 -24.9x1 .61 N.S.
Mg | —2e
! X2
i R T
. t
Wintor | -£7.2+1.66 | -24.220.480 | -24.9 0.783 N.S.
TS
N.S.

[Ca+2 Sunaey | +18.1£1.33 | +18.521.17 20.3x0.806 N.S.

Winter | +26.441,05 | +28.941.14 127.5°0.915 N.S.

N.S. _
Tp«O.G] p<0.01 p<0.01
!

- Supe or | -7,72810.698 | -6.6120.467 ~6.96ﬁ0.631} H.S.

cl T T NS

N.S.

Wintor ! -9.7670.4/6 1 ~9.35:0.484 | -9.08.0.440 N.S.

X NS

M.S.
} Tp<0,01 p<0.01 p<0.05

*signtficant differences heturen seasons

1




Appenaix 26, Nert potcatiate W) oy the ervtlaoc st of thoraelTy-ace Disolon swmey

roanbow Lrout {Fabie gt mert), oy ool gl d e ine differont clectiolyres, ]49
Dita Code
Ttew Numl ¢ Mt 2 gy Tear? -
foeliated te /7
1 RT-6 36 82.0 22.9 22.6 8.87
2 R1-7 4 b 102.3 24.5 14.2 7.43
3 Rf-17 46 7 78,3 - 13.0 -
4 RT 13 27.9 104 72 26.4 25.% 8.19
6 RT-11 27,7 112.5 32.? 16.9 8.23
6 RT~15 33.0 77.9 32.4 22 6.26
7 RY 22 37.0 HL 29.8 19.9 11.28
8 Ri-23 - 1013 16.5 20.8 6.98
9 R1.24 2¢.6 92.? 21.5 - 5.76
10 RY-25 27.0 104.5 17.3 - 8.00
11 RY-26 29.0 97 .4 20.¢ 25 3 10.28
12 RY~-27 27.0 97.9 22.2 16.4 10.00
13 RT-23 - - - - 6.37
14 RT-20 23.1 - - 14.2 1.45
15 RT-30 35.3 87.1 23.4 12.2 9.00
16 RT-31 25.8 78.8 36.9 13.0 1.07
17 RT-3¢ - - - - 7.34
Mean +30.7 ~94.8 -25.5 +18.1 -7.28
Variance 40.11 158 / 39.54 2?7.96 7.799
S. Dev. 6.333 12 60 6.288 4.7 2.743
S tkrr. 1.693 3.367 1.744 1.329 0.6982
95. Confid.nce U +34.4 -87.6 -21.7 +21.0 ~5.79
Inteival L +27.0 -102.1 -29.3 +15.2 -8.77
Acclimted to 10v
1 RT-4 21.8 95.2 26.3 7.6 6.43
2 R1-5 24 .1 102.9 29.6 20.9 6.23
3 RT-10 28.6 1077 18.7 23.4 7.05
4 Ri-11 25.4 104.8 25.9 13.5 6.07
5 RT-16 76.9 11s.5 23.5 21.4 5.04
6 RT-17 36.5 98.5 30.9 20.8 3.09
7 R7-13 50.4 95.0 37.4 23.3 8.13
8 Ri-«19 35.4 111.0 4.6 22.0 8.68
g RT-20 43.8 72.0 33.4 16.5 4.92
10 RT-21 30.0 90.7 18.1 18.2 2.52
" RT- 3€ 40 & 100.4 37.7 13.9 8.85
i2 F1-3/ 24.2 93.4 25.6 2Y.7 7.3
13 RT-33 26.4 91.3 17 9 23.3 9.73
14 RT-41 i7.2 113.7 20.5 16.3 6.82
15 R}-42 - - 21.2 2.7 7.75
16 RT-43 ?2.3 96.5 21.8 21.2 6.22
17 RT-44 - - - - 7.51
Mean +30.7 -99.2 ~25.3 +18.5 ~6.61
Vaertance 99.35 110.6 41.76 21.82 3.703
S. Dev. 9.967 10.57 6.462 4 €71 1.924
S Err. 2.574 2./16 1.616 1.163 0.4667
95/ Cor frdence U +36.2 -93.3 -21 8 +21.0 -5.62
Inticrval L 4751 -105.0 -28.7 +16.1 -7.60
Acclimated to 187
I RT-1 - - - - -
3 Rf-2 44.2 97.6 15.9 25.6 7.7
3 R1-3 47 .4 - 23.5 25.4 10.53
4 RT-8 31.6 125.3 26.9 15.4 0.78
5 RT-9 35.8 87.5 111 18.7 7.50
6 PT-33 39.2 1051 3.9 21.3 3.18
H RI-34 36.7 96.6 27.1 23 6 .47
8 RT-35 33.2 1ot.7 33.0 22.? 65.99
9 R1-24 2/.8 80,1 ?5 9 15.7 7.80
10 R1-40 - . - - -
Iy R1-45 - - - - -
12 RT-40 - - - - .
13 p1-47 50,5 97.8 26.7 16.7 4.10
14 R1-48 41 6 g5 7 9.4 19.6 4.42
15 RT-49 M h iz 22.4 20.0 5.79
16 RY-50 7.5 95.9 29.0 16.8 8.33
iV RT-51 33.2 9.8 2.7 1.9 8.21
18 RT-42 745 10/.7 14.1 20.0 6.33
9 RT-4L3 Zo 3 Y0 3.1 19,4 7.60
Mean t,A.4 LS A ~74.9 #2053 ~(.90
Vorivnos 472 .87 104.7 .67 9,749 5,975
S. by, G.hal 10 0 6. 2ht 3.1 ¢ AR
S, Ly 1,690 2.1 1.611% 0.5.067 0.6317
9% ot done L 13,0 - ang 1.5 24U b.01

Intevval { 4301 -l e P tld 5 -, 31
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Appendix 28.

151

Summary of Nerst potentials (mV) across the erythrocytes
of thermally-acclimated carp (Cyprinus carnio), as calculated

using different electrolytes.

error of the mean.

Reported as the meanzl stancard

Acctimation Temperature

Signif. Diff.

Measurement | Season 2°C 16°C 30°C 2°C 16°C 30°C
E Nat Spring +oo oo +66.20+2.45 *
*
B} —
E Kt Spring | -81.0+2.25 |-79.5+3.06 -86.7:1.30 | __ N.S
p<0.05
p<0.G65
£ Mgl Spring | -23.120.620 | -27.6+0.699 | -23.4+1.13 p<0.01
p<0.01
N.S
E Ca*2 | Spring | +16.6+1,10 |+20.4+1.24 | +19,9¢1.04 | _p<0.05
N.S.
p<0.05
E CI Spring | -14,7+0.719{ -10.220.999 | -5.714#0,309 | p<0.05
p<0.05_
p<0.01

*proper analysis not possibie




Anpendrs 9,

(typrn carpro},
fraty (ode
Ttes luuh v H‘Ni‘_
f\(&}‘lni“f fo ™

1 (-3 o

¢ (P-6 e

3 (r-9 '

4 cr-12 s

5 Cp-1b LY

6 (P-18 EIN

7 cp-21 45
8 Cr-24 [

9 Cr-27 16 7
10 CP-30 4o
1 (P-33 +o
12 CpP-35 [N
13 CcP-29 o
14 Cp-42 Fo

Hean oo

Variance

S Py

S, by

95% Conidence U

Intervel L
Acclinated 1o 167

1 pe? -

2 [of 2 96.0

3 crP-8 0
4 CP-11 156.0

5 cr.ta 90.7

) cp-17 64.6

7 p-29 70.5
8 =73 92,1

g Cp-2% 178.4
'I() Cp el 4o
" cr-32 10/.4
12 CP-35 o
i3 CP-33 122 6
14 crP-41 -

Maa n +oo

Variance

S. D,

S. Lrr.

9 % Corfidence U

Interval L
Acclinated te 30°

1 28 -

2 cp-4 66.4

3 cp-7 55.5
4 CP-10 -

£ pP-13 75.8

6 (P-10 7.4

7 CpP-19 72.5

3 Ccp.27 49 9

g Ccp-25 59 8
I v 28 LY )
11 LP-31 v/.4
12 (P-34 -
1s P 37 1.3
14 CP 40 12.5

Fean 56,7
Varisnoe 66.11
S, Dev .13
S, frr. 2.45
5/ fontigence U t7y 7
Interval l wit, 7

fe~at op o leateals foV) o

the crythvotytos v

thormn Py codtied carp

calee Irbed woang differant electyolyles

Ty Bppee eate tey-
7.6 20 & 14.3 14.64
86.7 21 5 17,4 16.46
91 8 25.0 17 5 17.59
94.3 26,0 15.1 9,34
84.3 204 7.4 13.48
- 23.8 16.8 18.60
£4.8 246 16.7 15.07
83.5 230 18.4 11.30
69 6 22.3 19.0 14.13
78.6 22.2 19.8 13.73
74.4 4.4 21.3 12.80
76.3 22.7 23.6 16.11
- 16.9 13.5 -
i 24.7 11.5 16.25
-81.0 -23.1 116.6 -14 72
60.60 5.380 16.940 6.7288
7.78 2.32¢ 4,116 2.59%0
2.2y 0.6194 1.700 0.71945
-76.1 -21.8 +19.0 -13.15
-86 0 26 4 114.2 -16.28
- 25.0 - 7.73
93.0 29 0 17.9 11.73
73.8 22.5 25.2 9.04
91.6 29.5 19 4 9.7?
91.7 28.5 24.7 -
62.0 23.5 23.5 10 77
82.5 27.6 24.6 9.3/
81.5 29.0 15.8 8.80
63.5 26.0 23 3 8.32
85.4 29.6 21.5 4.4,
77.6 30.2 19.1 15.85
82.1 29.2 2.3 10.46
6%.0 29.2 13 3 9.22
- - - 13.87
-79.5 -27.6 +20.4 -10.01
112.4 6.364 18.60 12.963
10.60 2.523 4.312 3 6004
3.061 0.6997 1.245 0.99558
-72.4 -26.1 +23.2 7.24
-86.2 -29.1 +17.7 -12.19
§4.9 29.8 - 4.05
87.4 21.1 20.3 5,55
86.1 22.8 19.4 5.93
91.7 26.3 15.4 4.73
87 6 21.9 21.0 4.60
87.5 3.0 1/.0 4.42
- 18.0 14.4 7.07
6.6 247 16.3 6.9/
89 9 244 20.4 4.
97.5 273 23,7 -
94.0 2% 2 23.1 6.30
85.8 8.7 /4.5 7.36
79.4 2?.0 25.7 6.19
761 14.0 17.4 6.01
26,7 -23.% 119.9 - 5,71
7.1 17.90 14 1.241
4.767 4.4 3.787 1.11a
1.3 1.13) 1042 ¢.7090
83,6 -1 400.2 - 5.03
34,5 ~2h.9 7. - 6.3



Pnpencix 30,

153

Sumaary of weight (g), hematocrit (PCV, %) and the nonheme
prot=in {my/mi erythrocytes) of erythrocyie membrane,
cytosol ard tolal erythrecyle fractions of thermally-

acclimated ratapcw vrout (Salmo oeirdncrct).

meantl standaru error of the mean.

Reported as ih:

Acciimalion Temperature Significant Dif{ercnces
Fraciion zoC 10°C 18°C 2°C 10°C 162
Weight 296415.0 290:15.2 286+10.66 N.S,
N.S.
— NS
pLY 33.2:0.¢5 | 33 € 1.17 £2.741.70 N.S.
P <0).C1 _
— p<0.01
Maiaby ane 34,400 44 34.2-2.2 25.541.30 N.S.
Protein _p<0_01
p<0.01
Cytecsol 81.4.6.%9 €2.174 .50 69.145.21 N.S.
Procein LT T
N.S _
Total 11647 .42 11646.08 95.9+5.90 __N.S
Erylhricyle p<0.0%
Prolzie NS




Appondis 31,

Data Co
}S U N
Acclimated to 2 ¢

1 CAT
7 CAT
3 CAl
4 CAl
5 CAT
[ CAT
7 CAT
8 CAT
9 CAT
10 CAT
1 CAT
12 (AT
13 CAT
14 CAT
15 CAT
16 CAl

Mean

Variance

S. Dev.

S, Err.

954 Confidence
Interval

Acclimated to 10°C

1 CAl
2 CAT
3 CAT
4 CAT
5 CAT
6 CAT
7 CAT
3 (AT
9 CAT
19 CAT
H CAT
12 (AT
13 (AT
14 CAT
15 CAT
16 CAT
Mean
Varfance
S. Dev.
5. Eer.

95% Configence
Interval

Acclimated to 18°C

I CAT
2 CAT
3 CAT
4 CAl
5 CAT
6 Chl
7 CAT
8 CLT
9 CAT
10 CAT
1 CAT
12 CAT
13 CAT
14 CAT
10 (AT
16 CAT
17 CAT
18 Ly
19 T
20 i
Men

Variance

S. Dov.
S.brr,

Co tontnlerop
fnteyrval

Weoioht (Y, b ctoorat (PCV, 7Y and ine aonbrme protes s (ng/ul cvythrooytes)
of evythioovto v brane, eyto ol wiad 1ot crytheocyle teaction, of thornally-

acclvnatod varopow ty ot

de

ke gatraae )y,

Honhrane

for Hed it oy fratetn
=15 kI 33.5 32.4
-16 235 3.4 33.5
~19 2hu 36.5 36.7
-20 REM 30.0 7.7
33 205 30 3.7
=31 268 35.4 32.7
-39 411 27.4 31.7
~40 341 37.8 37.5
~-43 203 32.2 37.2
A 244 2uv.h 21.7
- 45 275 31.6 37.5
-4l 240 37.3 28.5
-47 400 3v.9 40,0
-4y 225 30.5 29.8
-57 265 31 46.9
-55(3) 223 32.4 40.4
296 3.2 34.4
4101 0.1490 33.19
64,05 3.860 5.761
16.01 0.9650 1.440
U 330 35.2 37.5
L 262 31.1 31.3
~-17 392 36,1 34.5
-13 284 32.2 8.9
-21 333 42.2 29.6
-22 340 30.7 26.8
-35 347 26.3 42.9
-30 270 38.7 291
~37 2563 32.5 41.0
=20 32 34.6 27 .4
-5a (k) - 31.0 22,2
-5y 248 36.3 22.5
-0 322 40.3 23.2
~61 314 29.6 28.5
-62 304 333 38.5
-63 210 35.9 49.0
~65 177 27.2 44.2
-66 20% 33.9 49.2
290 33.8 34,2
3469 0.1952 85.41
58,90 4,418 9.242
15.21 1.105 2.310
U 373 36.2 39.1
L 257 31.4 29.3
-7 229 39.8 14.7
-C 224 25.8 28.9
~3 217 30.7 -
-7 362 £9.8 25.3
-8 269 35.2 22.8
-4 267 46.9 -
-10 .- 54,3 17.9
Slo(h) 34 4.3 22.9
-11 e 43.7 27 .5
-14 264 464 3.5
-23 390 44 4 22.5
-2 267 44 .6 -
~25 301 51.% -
~zh /o 52.3 73.0
-1 3n0 30.9 211
42 339 37.7 e7.7
Hl el 47,2 35,7
-he 217 751 H
203 761 .7 ?27.8
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Appendix 32.

155

Summary of specific activities (umoles/min/g protein) of

membrane and cytosol situatied carbonic anhydrase of
thermally-acclimated rainbow trout (Salmo gairdneri).
Reported as the meantl siandard error of the mean.

Assay Acclimation Temperature Signif. Diff.
Fraction | Temperature 2°¢C [ 10°C 18°C 2°C  10°C  18°C
Membrane @ 25°C 34,8:1.,56 39.112.38 52.7x2.75 N.S.
p<0.0%
p<0.0]
@ 16.240.949 | 21.7+1.44 45.1x3.01 | _p<0.01
Acclimation _p<0.51
Temperature n<0.01
Cytoso? @ 2+"°C 8.740.639 | 10.4+1.05 i1.121.,02 N.S.
_ NS
N.S.
8 5.6x0.53 6.510.71 9.,7+0.90 N.S.
Aeclimation _ps0.07
Tewperature p<0.01
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Appendix 34. Summary of cellular actevity (ymolessinin/ml erythrocytes
encept 1n the case of whole blooa vhich 1s wmoles/min/mi
blood) of erythrocytic carbonic anhydrase 1n rainbow trout
{51imo grtrenceri). Reported as the mean+i standard error
of the mesn,

Rosay L Accjlma:c1o_nwzem~nerature Sigmif, ?lif' L
fraction Tenperature 2°C ! 10°¢C 18°C 2°C  10°C  18°C
Hembr ane @ 25°C 1 .1740.0299 1.27+0.042 ' 1.30¢0.042 _ N.S.

t N.S.
| P00

! @ 0 54510.02810.715 0 04. 1 06-0.0291 p<0.01
Acclwmation, ! _p<0.01
Tewperatu-e | ; p<0.01

Lytosol @ 25°C O.65710.055l0.795 0 0ig 0.73440.055{ p<0.05

! NS
N.S. L
@ 0.40440.03510.51Y 0.0,0 0.625.0.057 | N.§
Acclimatien NS
Temperature : 0 01
- -
Total @ 25°C 1.83+0.068' 2.06 0 077 ' 2.04+0.07s _p<n 05
Erythrocyle N.S.
[ | p<0.05
p 0.94910 044) 1.23 0 Gt7  1.69+0.054 ! p 0.01
l]}cchnauun | p<0.01
i emperature p0 01 ’

“ of Total B 250 | 6b. /41,75 1 61.5:1.20 | 62.6¢1.83 | NS,

Activily of | _Ns.

Eryttioryte | N.S

Countr huted ! L 1"”_ — o o _ — "-ju '_:’__:'"::‘;___4

oy Menprant o 58.2:2.50 | 58 8 2 7% | 64.8:2.00 | _I.S.

Acctimation i | _N.S.
lemperature s, B

% of Total @ 25°¢ 35.371.73 38,21 1 35.4+1.87 | _M.S,

Activity of | NS

Erythrocyte \ .S

Contrrbuled o L — ]

By Cytosol g 41.640.030] 41,212/, | 36.2 20 | _I.S.

Leclimation l l _ NS,
Tumperature ! NS
s o et e} e IL i e i A o s o e e s

Acuivaty @ 25°C 0.60810.028,0 65112 /7 0.840:0.043 | p~0.05

that would 205

be present

in {thole S R JRS— _[K_O 91 ——

~ r t- hasestnie —— ———— s e, e et e

Biood A 0.312+0.01510.41146.071  0./0740.0321 p 0.01
Acc Timation : i _p~0.01
Temperaturei ! ! peonl
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