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SUMMARY

In brown trout surviving in acidified brook water, the plasma osmolality is
reduced 15-25%. The decrease is much less than that expected from the
measured reduction in the plasma concentration of Na+ and Cl~. This
discrepancy cannot quantitatively be explained by the increase in plasma
concentration of K+ (100%) and free amino compounds (mainly taurine;
280%) but appears mainly attributable to a reduction in plasma volume.

The osmolality of heart ventricle cells is also reduced. Water content of
the cells is unchanged, and there is a significant decrease in the intracellular
concentration of K+, taurine and to a lesser extent glutamic acid, accounting
for 25, 45 and 8%, respectively, of the osmolality reduction. '.These
findings indicate the existence of a cell volume regulation mechanism in
the fresh water brown trout which counteracts osmotic swelling of tissue
cells during periods of salt loss in acidified water. The significance of this
mechanism for survival under such conditions is discussed.

INTRODUCTION

In many countries there is a decrease in the size of populations of fresh water fish
that is associated with increasing acidity in rivers and lakes. This acidification is
mainly a result of industrial emissions of sulphur and nitrogen oxides (Cogbill &
Likens, 1974; Ode"n, 1976; Dillon et al. 1978). Recent experiments have shown that
failure in body salt regulation appears to be an important factor contributing to fish
death in acidified water. Thus, plasma Na+ and Cl~ concentrations are drastically
reduced (Packer & Dunson, 1970; Leivestad & Muniz, 1976). This is consistent with
the observation that low pH is associated with a net loss of Na+ across the gills of the
brown trout (McWilliams & Potts, 1978; McWilliams, 1980). However, in acidified

• A preliminary report has been presented in Proc., Int. conf. ecol. impact acid precip., Norway,
1980.
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waters the presence of metal complexes, especially aqueous aluminium hydroxide^
seems to have a greater toxic effect than the hydrogen ions themselves (Driscol et al.
1980; Muniz & Lievestad, 1980).

A reduction in plasma concentration of inorganic ions is associated with a reduced
osmolality (Gordon, 1959). Since cells are always in osmotic equilibrium with their
environments, an increase in plasma water activity will lead to an osmotic flow of water
into the cells. Thus, a cellular swelling might be expected in fish exposed to acidified
water. Such a cellular swelling is known to affect basal physiological processes e.g.
capillary circulation and nervous transmission (MacKnight & Leaf, 1977) and fish
behaviour prior to death in acid water suggests that neuronal mechanisms are indeed
affected (Leivestad & Muniz, 1976). However, the fish do not die until the plasma ion
concentrations reach levels about 20% below normal values (Leivestad & Muniz,
1976; Muniz & Leivestad, 1979). Thus, salmonids can survive an intermediate
reduction in plasma electrolytes for at least several weeks (Muniz & Leivestad, 1979),
and transfer of acid-stressed fish to less acid water leads to recovery and normal plasma
electrolyte concentrations (Leivestad et al. 1976). These observations suggest that
fish have a certain tolerance of the stress induced by acidified water. The physiological
mechanisms behind this tolerance is, however, not understood (Fromm, 1980).

The effects induced by acidified water on plasma electrolyte concentrations are
similar to those observed in euryhaline marine teleosts acclimated to fresh water
(Holmes & Donaldson, 1969; Evans, 1979). In such species a volume adjustment
occurs at the cellular level, which prevents osmotic swelling of the cells as plasma
osmolality decreases (Lange & Fugelli, 1965; Fugelli, 1967; Lasserre & Gilles, 1971;
Vislie & Fugelli, 1975; Fugelli & Zachariassen, 1976; Ahokas & Sorg, 1977; Schmidt-
Nielsen, 1977; Assem & Hanke, 1979; Loretz, 1979; Vislie, 1982). This so-called
isosmotic intracellular regulation (Florkin, 1962), depends upon an adjustment of the
total number of intracellular solutes which decrease in parallel with the osmolality
reduction (reviewed by Hoffmann, 1977; Gilles, 1979). This type of cell volume
regulation has, to our knowledge, not been demonstrated in fresh water teleosts.

The present investigation was undertaken to study the ability of heart ventricle
cells of the brown trout to maintain unaltered volume by means of an isosmotic intra-
cellular regulation mechanism, during plasma composition alterations induced by
acidified water. Such a mechanism could play an important part in the observed
tolerance of salt loss in fish in acid water.

MATERIALS AND METHODS

Brown trout (Salmo trutta L.) were obtained by electrofishing from the acid R.
Tovdal, Norway. They were kept for periods of up to 20 days in large fibreglass tanks
continuously supplied with limed brook water, pH 6-o (control fish), or with brook
water acidified to pH 4-0-4-6 by addition of H2SO4 (acid exposed fish), before being
used for analysis. The tank water temperature varied between 6-12 °C. Some trout
were analysed immediately after being captured in the Tovdal River. The experiments
were performed at the SNSF-project (an interdisciplinary research programme 'Acid
Precipitation - Effects on Forest and Fish') field station at Tovdal, Norway, during
the spring season.
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Table 1. Extracellular space in heart ventricle tissue of brown trout either exposed to
limed water, pH 6-o (control group), or to acidified water, pH 4-2 (experimental group).

Plasma Cl~ Extracellular space
(mM) (g water/100 g wet tissue)

Control group 140 ± 5 (3) 183 ± a o (3)
Experimental group 87 ± 21 (4) 16-6 ± 3-2 (4)

The values are mean ± s.D.; number of fish analysed in parentheses.

Blood samples were taken by cardiac puncture into heparinized syringes and
immediately transferred to capillary tubes. One end was plugged with sealing wax
(Radiometer) and then centrifuged for 6 min in a haematocrit centrifuge (MSE Micro
Haematocrit Centrifuge). After centrifugation the cell fraction was cut off and plasma
samples analysed for osmolality, Cl~, Na+, K+, and free amino acids. The heart
ventricle was dissected out and cut into small pieces which were blotted on filter paper.
One half of the ventricle was used for analyses of water content, Na+, arid K+ and the
other half for analysis of free amino acids.

Plasma osmolality was determined with a Knauer osmometer on 50 fil samples or a
Wescor vapor pressure osmometer on 8 /x\ samples. Cl~ concentration was measured
with a Radiometer CMT 10 Chloride Titrator. The relative water content of the
ventricle tissue was determined from wet weight and dry weight determinations.

Na+ and K+ were measured with a Varian Techtronic atomic absorption spectro-
photometer. The standards contained the same relative amounts of Na+ and K+ as
the samples. 50 /A plasma samples were immediately diluted with deionized water
(1/200) and stored in a cool place until needed. After determination of water content
the dried tissue was dissolved in 0-5 ml 10% trichloracetic acid (about ten times the
wet weight) and kept at 4 °C in sealed vials for 48 h before dilution with deionized
water to measurable concentrations (Lutz, 1972).

Amino acids (including taurine) were determined with a Bio-Cal Amino Acid
analyser, model BC 200. The free amino acids were extracted from plasma with 5 %
sulphosalicylic acid (Fugelli & Zachariassen, 1976). Ventricle tissue was homogenized
in deionized water and sulphosalicylic acid protein-free extract prepared according to
Vislie & Fugelli (1975).

The extracellular space of the heart ventricle tissue was determined by intra-
peritoneal injection of (carboxyl-MC)-inuline, mol. wt 5000-5500 (New England
Nuclear) as previously described (Vislie & Fugelli, 1975). The extracellular space of
ventricle tissue from acid exposed trout was not significantly different from that in
control trout (Table 1). For the calculations in the present work the mean value of all
the determinations, 17-4 g/water 100 g wet tissue has been used.

The cellular water content was calculated as described by Vislie (1980 a). The intra-
cellular concentration of solutes in the heart ventricle cells was calculated according to
Gordon (1965).
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Fig. i. The relation between plasma osmolality and the sum of the plasma concentration of
Na+ and Cl~ in brown trout. Animals either exposed to limed water, pH 6-0 (O) or to acid
water, pH 4-0—4-6 (%). The continuous line represents the regression line, the dotted line
represents the expected relationship assuming a constant ratio ((Na+)pj + (Cl'^/osmolality
=• 0-91 (see text for explanation).
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Fig. 2. The relation between plasma Cl~ concentration and plasma K+ concentration in
brown trout. Animals either exposed to limed water, pH 6-o (O) or to acidified water,
pH 4-0-4-6 ( # ) . The regression line is drawn.
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2. Free amno compounds in plasma ofbrovm trout either exposed to limed water,
pH 6-o (control group, plasma Cl~ 133 + 4 « M ; N = 8), or to acidified water, pH 4-0-
4-6 (experimentalgroup, plasma Cl~ 74 ± 7 mM; N = 8).

Mean ±s.D. (in mmole/kg), number of plasma samples analysed in parentheses. P values
from Student's t-test; n.s. not significant.

Taurine
A*
Threonine
Serine
Glutamic acid
Glycine
Alanine
Valine
Isoleucine
Leucine

Control
group

o-3S ± 0-15 (8)
o n ± 008(4)
0-02 ± o-oi (4)
o-oa ± o-oi (4)
0-07 ± 0-02 (4)
018 ± 003 (4)
023 ±0-15 (4)
0-29 ± 0-10(4)
0-09 ± 0-03 (4)
0-17 ± 006 (4)

Experimental
group

327 ± 0-96 (8)
0-20 ± o-ia (4)
0-07 ± 002 (4)
0-03 ± 001 (4)
017 ± 0-20(4)
o-43 ± 0 - 1 5 (4)
o-47 ± 0-41 (4)
0-52 ± 0-24 (4)
0 2 2 ± 0 1 3 (4)
0-31 ± 0-23 (4)

P < o-oi
n.s.
o-oi < P < 0-05
n.s.
n.s.
o-oi < P < 0-05
n.s.
n.s.
n.s.
n.s.

• Unidentified amino compound (eluated between aspartic acid and threonine), expressed as taurine
equivalents.

RESULTS

Plasma composition:

Acidified water leads to a reduction in plasma concentration of Na+ and Cl~ and in
osmolality (Fig. i). There is a larger variation in these parameters in acid exposed
trout than in trout kept in limed water (control group). The equations for the separate
regression lines between plasma osmolality and plasma concentration of Na+ and Cl~,
respectively, are:

Na+pi = 0-64 mOsm- 45-3, r^, = 072 (P < o-coi), (1)

Cl~pl = 078 mOsm—112-4, rxv = °'9I (P < o-ooi). (2)

Plasma osmolality decreased in parallel with the reduction in plasma concentration
of Na+ and Cl~ (Fig. 1). The lowest values of the combined concentration of Na+

and Cl~ observed were about 44% below the mean value of the control fish (285 ±
6 mM). The ratio between the sum of the Na+ and Cl~ concentrations and the
osmolality /ct-\

\ osmolality /

at 310 mOsm (control fish) was 0-91 while the same ratio at 240 mOsm was only 077
(calculated from Fig. 1). This implies that the plasma osmolality decreased by only
64 % of that expected from the reduction in plasma NaCl concentration. If the ratio
had been unaltered, the plasma osmolality should have been reduced to about
200 mOsra. In contrast, the corresponding ratio has been found to be approximately
equal (about 0-9) in sea water and fresh water acclimated brown trout (Gordon, 1959).

Chloride concentration was inversely correlated with potassium concentration in
the above data (Fig. 2). A 50% reduction in Cl~ was associated with an increase in K+
concentration of about 100%. At the lowest Cl~ levels the K+ concentrations were
inore scattered than at higher Cl~ levels.
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Fig. 3. The relation between plasma Cl~ concentration and cellular water content of heart
ventricles in brown trout. Animals either exposed to limed water, pH 6-o (O) or to acidified
water, pH 4-0-4-6 (0) . (A) trout from acid Tovdal River. The regression line is drawn.
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Fig. 4, TTie relation between plasma Cl~ concentration and intracellular heart ventricle K+

concentration in brown trout. Animals either exposed to limed water, pH 6-o (O) or to
acidified water, pH 4-0-4-6 (0) . (A) trout from acid Tovdal River. The regression line is
drawn.

A decrease of about 50% in chloride, induced by exposure to acid water, was
associated with a near ten-fold increase in plasma taurine (Table 2). All the other
amino acids were present in lower concentrations than taurine. Upon acid exposure
the concentration of threonine and glycine were about doubled (001 < P < 0-05)
while no significant changes were found for the other compounds.
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Table 3. Intracellular free amino compounds in heart ventricles of brown trout either ex-
posed to limed water, pH 6-o {control group, plasma Cl~ 129 ± 2 mu; N = 4), or to
acidified water, pH 4-0-4-6 (experimentalgroup, plasma Cl~ 77 ± 12 >RM; N = \.

Mean ± 8.D. (in mmole/kg cell water), number of hearts analysed in parentheses. P values from
Student's t-test; n.s. not significant.

Taurine
B*
Threonine
Serine
Glutamic acid
Glycine
Alanine
Aspargine
Valine
Isoleucine
Leucine
Lysine
Histidine

Control
group

67-45 ± 5'45 (4)
20-64 ± 6-78 (4)
0-29 ± 0-42 (3)
0-77 ± 0-51 (3)
9'3° ± 4-79 (3)
i-6o ± 078(3)
o-oo ± 065 (3)

Trace
Trace
Trace
Trace
Trace
Trace

Experimental
group

2S-33 ± 8-56 (4)
ai'37 ± 3 0 1 (4)
0-17 ± 006 (3)
0-70 ± 0-43 (3)
4-17 ± 1-82(3)
2-09 ± 1-07 (3)
i-9o ± 2-19(3)

Trace
Trace
Trace
Trace
Trace
Trace

P < o-oi
n.s.
n.s.
n.s.
P < 001
n.s.
n.s.

* Unidentified amino compound (eluated between aspartic acid and threonine), expressed as taurine
equivalents.

Heart ventricle tissue water content

There was no significant correlation between the water content of heart ventricle
cells and the plasma Cl~ concentration in control fish and in acid exposed fish (Fig. 3).
Similar results were obtained in fish taken directly from the acid river as in those
exposed to acid experimentally. If the heart cells had behaved as perfect osmometers
when the extracellular osmolality was decreased, the water content would have
increased from the observed value of 76-4 g water/100 g cells at i3omM-Cl~
(310 mOsm) (Fig. 3), to 8 I - I g water/100 g cells at 70 mM-Cl- (234 mOsm) (calculated
according to Fyhn, Petersen & Johansen, 1972).

Intracellular concentrations in heart ventricle tissue

The intracellular concentration of K+ was significantly reduced in heart ventricles
of trout exposed to acidified water (Fig. 4). A decrease in plasma Cl~ from 130 to
70 mM (osmolality 310 and 234 mOsm, respectively, equation (2)) was accompanied
by a reduction in the cellular K+ concentration from 119 to 100 mmole/kg cell water
(16%). This decline represented about 25% of the osmolality reduction. Similar
results were obtained for trout exposed to acid water in tank experiments and trout
taken directly from the acid Tovdal River.

The intracellular concentration of Na+ did not change significantly when the plasma
osmolality decreased following exposure to acid water (Na+j = 0-054 C1~P;+12.3;
r w = 0-20, P > o-i). The mean value ± s.D. for both fish groups together was 20-6 ±
6 (26) mmole/kg cell water.

The concentration of free amino compounds in heart ventricles of control fish and
acid exposed fish are shown in Table 3. Taurine is the dominating amino compound
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Fig. 5. The relation between plasma Cl~ concentration and intracellular heart ventricle
taurine concentration in brown trout. Animals either exposed to limed water, pH 6-o (O)
or to acidified water, pH 44c—4'6 {%)• (A) trout from acid Tovdal River. The regression line
is drawn.

in heart ventricles of trout as in most other vertebrates (Jacobsen & Smith, 1968),
including teleosts (Roberts et al. 1957; Vislie & Fugelli, 1975; Vislie, 1982). Glutamic
acid, glycine, alanine, serine and threonine were also present, but in relative small
amounts. Six other amino acids were present in amounts too small for any quantitative
determination. One additional unidentified amino compound was eluted shortly after
urea and the nature of this compound which appeared in relatively high concentration
(Table 3), is presently unknown.

Taurine and glutamic acid were the only amino compounds which significantly
decreased in response to a reduction in the extracellular osmolality (Cl~ concentra-
tion). Fig. 5 shows the linear correlation between plasma Cl~ concentration and the
intracellular concentration of taurine (rly = 0-96, P < o-ooi). As plasma Cl~
decreased from 130 to 70 mM (osmolality 310 and 234 mOsm, respectively, equation
(2)) the intracellular concentration of taurine decreased 59 % (from 59-0 to 24-2 mmole/
kg cell water). This reduction represented 45 % of the osmolality reduction. In fish
taken from tank experiments taurine was reduced by a similar amount as in fish taken
directly from the acid Tovdal River. However, a larger number of fish from tank
experiments than from the Tovdal River showed low plasma levels of Cl~ and low
cellular levels of K+ (Fig. 4) and taurine (Fig. 5). The most likely reason for this may
be a difference in the levels of toxic components between the river and the water in the
tank experiments.

DISCUSSION

The sublethal reduction in plasma osmolality in trout exposed to acidified water did
not lead to any significant increase in the water content of the heart ventricle cells
(Fig. 3). The maintenance of a constant cell volume under these conditions is caused
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a reduction in the cellular amount of solutes. Thus, the present results clearly show
that the heart ventricle cells of trout possess a cell volume regulation mechanism
(isosmotic intracellular regulation). This mechanism is common in euryhaline inverte-
brates and vertebrates (reviewed by Florkin & Schoffeniels, 1969; Hoffmann, 1977)
and is at least partly responsible for their euryhalinity (Florkin & Schoffeniels, 1969).
Although the trout of the Tovdal River represent a fresh water population that does
not become subjected to sea water during its life cycle, an analogous cell volume
regulation mechanism is present. This mechanism has also been found in a variety of
mammalian cells (in vitro experiments) (Buckhold, Adams & Gregg, 1965; Poznansky
& Solomon, 1972; Dellasega & Grantham, 1973; Roti & Rothstein, 1973; Hendil &
Hoffmann, 1974) and therefore cannot be considered as a unique feature of euryhaline
animals.

In trout heart ventricle, cell volume was regulated by control of intracellular K+
and amino compounds, especially taurine (Figs. 4, 5; Table 3). The decline in cellular
concentration of taurine alone accounted for about 45 % of the osmolality reduction.
The glutamic acid concentration also decreased at reduced plasma osmolality level
(Table 3). Glutamic acid presumably represents a fraction of the cellular anion pool
which has to be reduced proportionally to the reduction in the cellular cation pool.
As taurine appears to constitute only a minor fraction of the anion pool (Albert, 1950;
Read, 1963) other anion species must decrease to make up the deficit in relation to the
reduced cation concentration as represented by K+. A similar role has been demon-
strated for these solutes in flounder heart ventricles (Vislie & Fugelli, 1975; Vislie,
19806), in eel heart ventricles (Vislie, 1982) and in flounder erythrocytes when plasma
osmolality decreased during fresh water acclimation (Fugelli, 1970; Fugelli &
Zachariassen, 1976).

Osmotic inactivation of the cellular osmo-effectors taurine and K+ in the trout heart
ventricles appeared to occur by means of a net release of these solutes from the cells.
This is supported by the observation that the plasma concentration of K+ and taurine
increased at reduced plasma osmolality (Cl~-concentration) (Fig. 2; Table 2). A net
release of amino acids seems to be the main mechanism for reduction in the cellular
amino acid pool during hypo-osmotic regulation (Fugelli, 1970; Ge'rard & Gilles,
1972; Ge'rard, 1975; Amende & Pierce, 1980; Hoffmann, 1980; Vislie, 1980a; Vislie,
1982). In isolated, beating flounder hearts perfused with hypo-osmotic saline, taurine
recovered from the perfusion fluid could almost exactly account for that lost from the
cells (Vislie, 1980a).

The elevated level of plasma K+ and taurine observed in acid stressed trout could,
however, reflect an additional type of compensatory response connected to the salt
loss. This is indicated by the observation that plasma solutes (other than NaCl) had
increased in concentration as the concentration of Na+ and Cl~ decreased. The
decrease in plasma osmolality observed upon acid stress was much less than would be
expected from the decline in plasma NaCl (Fig. 1). Gordon (1959), however, studying
brown trout acclimated to sea water and fresh water, found that the decline in plasma
osmolality corresponded well with the decline in the plasma concentration of NaCl.
In the present experiments, the discrepancy between the measured plasma osmolality
in trout exposed to acid water and the value expected from the decline in plasma
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concentration of Na+ and Cl~ could result from i) a net increase in the total number ff
solutes other than NaCl dissolved in an unaltered plasma water volume, and/or 2) a
decrease in the plasma water volume with a concomitant enrichment of remaining
solutes not lost to the surrounding water. Direct evidence for a plasma volume reduc-
tion in trout exposed to acidified water is not present. However, H. Leivestad &
I. P. Muniz (unpublished results) have observed an increase in haematocrit between
control fish and acid exposed trout which is probably due to a reduction of plasma
volume. Similar observations have been seen in rainbow trout during acid stress
(McDonald, H6be and Wood, 1980). In addition, McDonald, H6be & Wood (1980)
observed an increase in plasma protein concentration which they also interpreted as
the result of a plasma volume reduction.

A reduction in plasma volume could have an obvious effect on the blood circulation
system. However, some ameliorating effects on salt balance are also apparent. With a
reduction in plasma volume, the NaCl lost to the surrounding water has less effect on
body fluid osmolality than if plasma volume was kept unchanged. This plasma volume
regulation thus appears to increase the capacity of the trout to tolerate the salt losses
induced by acidified water.

The presence of these volume regulation mechanisms at both cellular and plasma
level suggest that they are aspects of homeostatic mechanisms which are important
not only in counteracting adverse effects from salt loss in acidified water. They might
also be important for the survival of trout during other environmental conditions
which affect the salt balance.

This research was supported by the Norwegian SNSF-project (SNSF-contribution
FA 126/81), and by the Norwegian Research Council for Science and the Humanities
(NAVF).
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