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Abstract

Atlantic salmon (Salmo salar) exposed to either simulated natural photoperiod (SNP) or continuous light
(L24) were used to examine developmental changes in the presence and absence, respectively, of the parr-
smolt transformation. Plasma osmolarity and ion concentrations were unaffected by photoperiod treatment.
Gill Na* K+ -ATPase specific activity increased 150% between February and June in SNP fish and was low
and unchanged in L24 fish. Kidney Na~ ,K*-ATPase specific activity varied within similar, narrow limits
in both groups. Citrate synthase of liver, gill and kidney, expressed as specific activity or activity/g total body
weight (relative activity), increased 25—60% between March and June in SNP fish. With the exception of
kidney relative activity, citrate synthase activity declined to initial {(March) levels by August. Liver, gill and
kidney cytochrome ¢ oxidase activity of the SNP group underwent similar though less marked changes. Liver,
gill and kidney citrate synthase and cytochrome ¢ oxidase activities of the L24 group remained relatively con-
stant between March and August, and where significant differences occurred, they were lower than those of
the SNP group. These results indicate that respiratory capacities of the liver, gill and kidney increase in smolts
concurrent with preparatory osmoregulatory changes, and subsequently decline, The findings are consistent
with a hypothesized transient increase in catabolic activity during the parr-smolt transformation that may
be due to the metabolic demands of differentiation,

Introduction

Coincident with their migration from fresh water
to seawater, Atlantic salmon (Salmo salar) and
other anadromous salmonids undergo a variety of
changes, collectively known as the parr-smolt trans-
formation, that are adaptive for life in a marine en-
vironment. Among these is a photoperiod-cued
increase in salinity tolerance that results from
differentiation of osmoregulatory organs in fresh

water, prior to and in preparation for seawater en-
try (Hoar 1976: McCormick and Saunders 1987).
Increased gill Na* ,K*-ATPase activity occurs in
spring in several salmonid species (Zaugg and
McLain 1970; Saunders and Henderson 1978). In
coho salmon (Oweorhynchus kisurch) there are in-
creases in the number of gill chloride cells (Rich-
man &f al. 1987) and net intestinal fluid absorption
{(Collie and Bern 1982). Seasonal changes in urine
flow of Atlantic salmon have also been observed
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{Holmes and Stainer 1966; Eddy and Talbot 1985).

In addition to the large number of physiological
changes which occur during the parr-smolt trans-
formation, there are several lines of evidence in-
dicating that the transformation is accompanied by
increased metabolic rate. These include decreases in
muscle and liver lipid content (reviewed in McCor-
mick and Saunders 1987), increased liver glyco-
genolysis and lipolysis (Sheridan er o, 1985) and
increased liver mitochondrial enzyme activity
{Blake ef af. 1984). It is unclear, however, whether
these metabolic changes are permanent or tran-
sient, and to what extent they also occur in os-
moregulatory organs (e.g. gill and kidney). It has
been suggested that increased metabolism during
the parr-smolt transformation may be partly due to
the catabolic demands of differentiation (Sheridan
et al. 1985; McCormick and Saunders 1987).

In the present study we investipated whether
changes in metabolic capacity which occur in the
liver also occur in the gill and kidney, whether these
changes are permanent or transient, and finally
whether seasonal and/or size-related changes in
metabolic capacity and osmoregulation could be
distinguished from those which are due directly to
the parr-smolt transformation. We have previously
demonstrated that exposure to continuous light ear-
ly in development inhibits osmoregulatory changes
{increases in salinity tolerance and gill Na* K*-
ATPase activity) that normally occur in spring, but
has little or no effect on growth rate in spring
{Saunders ef af. 1985; McCormick et al. 1987). At-
lantic salmon exposed to continuous light, there-
fore, provide a useful control for ¢xamining meta-
bolic and osmoregulatory changes in the presence
and absence of the parr-smolt transformation.

Materials and methods
Rearing and sampling

Fertilized Atlantic salmon eggs were transported to
St. Andrews Biological Station, N.B., Canada, just
after hatching in April and reared in 1 m? Swedish
style tanks supplied with fresh water at 12 l-min~'.
All fish were initially exposed to simulated natural

photaperiod which provided a seasonal change in
davlength (McCormick er af. 1987), Overhead light-
ing to all tanks was by standard fluorescent bulbs
which provided light intensities at the water surface
of 430-540 Ix. On September 15 fish were separat-
ed into four tanks of approximately 100 fish each;
two tanks were exposed to continuous {24h/d) light
(designated the L24 group) for the remainder of the
study, while the other two tanks were exposed to
simulated natural photoperiod {designated the SNP
group). Water temperature fluctuated seasonally
(6—18>C) during early rearing (April through De-
cember) and then was kept constant (6—-8°C) dur-
ing the period of physiological sampling (January
through August). The fish were maintained in fresh
water throughout the experiment. Salmon were fed
a commercial dry pellet at maximum ration (adjust-
ed to body size and temperature) at half hour inter-
vals during daylight hours corresponding with the
SNP group.

On February. 20, gill tissue from & fish in each
group were sampled for Na* ,K*-ATPase activity
determination in order to wverify that the time-
course of development was proceeding as in pre-
vious years (McCormick er af. 1987). On March 21,
April 17, May 7, June 11 and August 1, 8 fish from
each group were sampled. Animals were starved
overnight and sampled between 0900 and 1700 At-
lantic standard time. After being stunned by a blow
to the head, fish were measured for length and
weight, and blood was collected from the caudal
blood vessels with a heparinized syringe immediate-
ly before tissue removal.

The first two pairs of gill arches on each side were
removed, the bony tissue (ceratobranchials) trim-
med away, and each pair was blotted dry of external
fluid and weighed to the nearest mg. The kidney
and liver were removed, blotted dry and weighed.
The posterior third of the kidney was severed logi-
tudinally. One of these portions of the kidney and
one of the two pairs of gill arches were used for
mitochondrial enzyme analysis, while the remain-
ing kidney and gill tissue was used for Na*® K*-
ATPase determination. The liver was minced into
3 to 5 mm? pieces and several of these were chosen
at random for mitochondrial enzyme determina-
tion. Epaxial white muscle just anterior to the dor-




sal fin was weighed and dried 1o a constant weight
at 80°C. Blood was centrifuged at 4,000 = g for 5
min and plasma was removed and frozen at —20°C.
Plasma cations were measured by atomic absorp-
tion spectrophotometry, [Cl7] by Buchler-Cotlove
chloridometry and osmolarity by vapor pressure os-
mometry.

Enzyme assays

Citrate synthase and cytochrome ¢ oxidase activi-
ties were measured within 1h of tissue removal. Tis-
sues for Na® ,K*-ATPase measurement were
stored in SEI buffer containing 0.3 M sucrose, (.02
M ethylene diamine tetraacetic acid and 0.1 M im-
idazole (pH 7.3), at =80°C for up to 4 weeks. All
enzyme assays were performed at 20 (+ 0.1)°C.

Na* K*-ATPase (E.C. 3.6.1.3) was measured
by a modification of the method of Zaugg (1982),
Tissues {0.05=0.12 g wet weight) were homogen-
ized in 0.8 ml SEI buffer with 0.1% sodium deoxy-
cholate in a hand-operated conical glass homo-
genizer (0.13 mm clearance) and then centrifuged
for 5 min at 3,000 = g. Na* KT-ATPase activity
of the supernatant was determined by measuring
the production of inorganic phosphate following
incubation for 10 min in 114 mM NaCl, 17 mM
MgCl,, 55 mM KCl, 85 mM imidazole and 4 mM
Na,ATP at pH 7.3, in the presence or absence of
0.5 mM ouabain. All substrates were experimental-
ly determined to be at saturating concentrations.
Inorganic phosphate was measured by the method
of Heinonen and Lahti (1981) and protein by the
method of Miller (1959). All assays were performed
in duplicate and expressed as pmoles P, - mg
protein~! - h~!. Intra- and inter-assay coefficients
of variation for the Na* ,K*-ATPase assay, in-
cluding homogenization, were 3% and 12%, re-
spectively.

For determinations of citrate synthase (CS; E.C.
4.1.3.7) and cytochrome ¢ oxidase (CCO:; E.C.
1.9.3.1) activity, tissues were placed in 20 volumes
25 mM Tris, | mM EDTA at pH 8.1, and homo-
genized for two-8 second bursts with a Polytron (set
at 70% maximum) and two 8-second bursts with an
ultrasonic tissue disrupter (set at 60% maximum)
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while on ice. Homogenization and sonication for
longer periods (= 10 5) decreased mitochondrial en-
zyme activity. Prior to routine measurement, CS
and CCO activities were measured at several buffer
concentrations (13, 30, 50 and 80 mM) and pH (6.8
to 8.4 at 0.3-unit intervals) using several prepara-
tions of gill, kidnev and intestine, and the concentra-
tion and pH that vielded the greatest activity were
used thereafier. All substrates were experimentally
determined to be at saturating concentrations. C8
activity was determined by measuring the linear rate
of release of sulfhvdryl-coenzyme A with Ellman’s
reagent in 50 mM Tris, 0.5 mM oxaloacetate and
0.15 mM acetyl CoA (pH 8.1) at 412 nm in a record-
ing spectrophotometer (Alp ef gl 1976). CCO ac-
tivity was determined by measuring the linear rate of
oxidation of 0.057 mM ferrocytochrome ¢ in 30 mM
phosphate buffer (pH 7.1) at 330 nm in a recording
spectrophotometer (Blake et af. 1984). All assays
were performed in duplicate. Intraassay coefficient
of variation for both the C§ and CCO assays, in-
cluding homogenization, was 6%,

To compare organ mitochondrial enzyme activi-
ty among fish with differing organ weights, changes
in wet weight specific mitochondrial enzyme activi-
ty were normalized for changes in relative organ
weight and rermed the relative enzyme activity. The
latter was calculated by multiplying the organ wet
weight activity (umoles product - g organ wet
weight~! - h™') by the relative organ weight (g or-
gan wet weight/g body weight) and was expressed
as pmoles product produced by the organ/g total
body weight/h. This method permits direct com-
parison of organ enzyme activity in instances, such
as the present, in which relative organ weight
differs with time or between experimental groups.
Specific activity was also calculated and expressed
as pmoles product - mg protein~! + h=!,

Calcuwlations and staristics

Condition factor was calculated as (weight/length?)
< 100, The first two pairs of gill arches were deter-
mined to be 59.7 + 1.0% of total gill weight
in=10, 30-1002 fish); therefore, a factor of 1.67
was used to caleulate total gill weight.
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Table 1. Length, weight, condition factor (100~ [weight/length®]) and muscle moisture content (%) of Atlantic salmon exposed to

stimulated natural photoperiod (SNP) or continuous light (L24).

March 21 April 17 May 7 June 11 August |
Length (cm) SNP 16.2 £0.4 158 20.2 16.3 0.2 18.6 £0.5 200£0.8
L24 16.5 £0.3 16.3 +0.4 16.7 +0.2 17.8 £0.8 19.2+0.8
Weight (g) SHP do.l £2.7 42.2 £1.6 466 £1.9 66,0 +4.3 87391
L24 513 £2.3 49.5 £2.7 54.7 1.4 63.1 +8§.] 75.0+8.4
Condition factor SNP 1.08 £0.02 1.07 £0.01 1.06 £0.01* 1.01 £0.02% 1.05+0.02
L24 1.15+0.03 1.14+0.03 1.18 £ 0.02 1.09 £ 0.02 1.05 =0.02
Muscle moisture content SNP 756 +0.3 754 +0.4 75.1 +0.2* 75.7 20.4* 75.5 £0.2
L24 T4.7 £0.4 744 0.3 73.5 =02 744 £0.5 755 £04

Values are mean + SEM of 6~8 fish in each group at each time interval. An asterisk signifies a significant difference between the SNP
and L24 groups at a given time interval (p < 0.05, Student-Newman-Keuls test, preceded by two-way ANOVA, p < 0.05),

Determination of the statistical significance of
photoperiod treatment (SNP versus L24) and date
of sampling {changes over time) were determined
by two-way ANOVA (p < 0.03). If photoperiod ef-
fects were significant, SNP and L24 groups were
compared at each time interval using one-way
ANOVA followed by Student-Newman-Keuls pro-
cedure (p < 0.05). If changes over time were sig-
nificant, sampling dates within each group were
compared using one-way ANOVA followed by Stu-
dent-Newman-Keuls procedure (p < 0.05),

Results

Increase in length and weight occurred in both the
SNP and L24 groups between May and August
(Table 1, p < 0.001), but there was no significant
difference in length and weight between the two
groups (p > 0.1, two-way ANOVA). Condition
factor of the SNP group decreased slightly (7% p
= (.02) between March and June. Condition factor
of the L24 group was significantly higher than the
SNP group in May and June, but declined to the
same level as the SNP group by August (Table 1),
Muscle moisture content of the SNP group did not
significantly change between March and August (p
> 0.1). Muscle moisture content of the L24 group
decreased in May and June and was significantly
lower than the SNP group at these times.

Plasma osmolarity, [Na*] and [C]7] of SNP and
L24 fish decreased slightly {3%) but significantly

(p <= 0.02) between March and April, and re-
mained constant thereafter (Fig. 1). There was no
significant difference in plasma osmolarity, [Na™*],
[C17] and [K*] between the SNP and L24 groups
at any time (p > 0.08), whereas plasma [Mg* *]
did differ between the two groups (p < 0.001).
Plasma [Mg* ] of SNP fish was 10—-18% lower
than that of L24 fish from March to June, but was
not significantly different in August.

Photoperiod treatment had a marked effect on
gill Na*,K*-ATPase activity which increased
from 6.4 to 15.0 umoles P, - mg protein~! - h~! be-
tween February and June in SNP fish (p = 0.02;
Fig. 2). In contrast, gill Na* K*-ATPase activity
of L24 fish remained between 6.8 and 8.5 umoles
P, - mg protein~! - h=! throughout the study (p >
0.1). Kidney Na* ,K*-ATPase activity remained
relatively constant between March and August (be-
tween 25 and 29 pmoles P; - mg protein~! - h™1)
and was not significantly affected by photoperiod
treatment (p > 0.1).

Relative liver and gill weight (organ weight as a
percent of total body weight) of all fish decreased
with increasing size (r = —0.43 and -0.42, respec-
tively, p < 0.001). There was no significant differ-
ence in relative liver weight of SNP and L24 fish (p
= 0.1}, whereas relative gill weight was significant-
Iv larger in SNP fish in April, May and June (Table
2). Relative kidney weight was not correlated with
changes in size (p > 0.1), but was significantly
larger in SNP fish in June and August.

Citrate synthase (C5) activity of liver, gill and
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Fig. I. Plasma osmolarity, [Ma*], [C17], [K*] and [Mg* *] of
Atlantic salmon exposed o simulated natural photoperiod
(SMNP)orcontinuous light (L24), Values are mean + SEM of 6-8
fish per group per sampling date. SEM's not shown are less than
the value overlaid by the symbol of the mean. Intervals marked
with an asterisk are significantly different fram the L24 group
(p < 0035, two-way ANOVA followed by Student-Newman-
Keuls test).

kidney, expressed as either specific activity (upmaoles
- mg protein™! « h~!; Table 2) or relative activi-
ty (umoles - g body weight=! «+ h=!; Fig. 3), in-
creased significantly between March and June
in SNP fish (p < 0.03). C5 specific activity in liver
increased by 25% between March and June, fol-
lowed by a decline of 20% between June and
August. Relative CS activity of liver increased 15%
between March and April, followed by a gradual
decline through August. The L24 fish had signifi-
cantly lower liver CS specific activity than the SNP
group in March, April and Mayv, though levels in
L24 fish increased gradually and significantly (p <
0.001) from March to August. When expressed as
relative activity, however, liver CS of L24 fish was
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Fip, 2. Na~- K+-ATPase specific activity in gill and kidney of
Atlantic salmon exposed 1o simulated natural photoperiod
[SNP) ar continuwous light (L24). Values are mean = SEM of
6—8 fish per group per sampling date. SEM"s not shown are [ess
than the value overlaid by the symbol of the mean. Intervals
marked with an asterisk are significantly different from the L24
group (p = 005, two-way ANOYA followed by Student-
Mewman-Keuls 1es1).

unchanged over time (p > 0.1; Fig. 3).

Specific and relative CS activity of gill tissue of
SNP fish increased by 25% and 40% {p < 0.001
and p = 0.02), respectively, between March and
May, followed by a subsequent decline to initial
levels by August (Table 1 and Fig. 3). Although
there were significant changes in gill CS specific ac-
tivity of L24 fish (p = 0.001), the magnitude of
these fluctuations was relatively small (less than
20%) and the activity was always lower than that of
SMP fish, significantly so in March, May and Au-
gust. Gill CS relative activity of L24 fish was stable
over time (p > 0.1) and was significantly lower than
that of SMNP fish in April through June.

CS specific activity in kidney tissue from SNP
fish remained constant from March to May, in-
creased significantly (25%; p < 0.001) in June and
subsequently declined to initial levels in August
{Table 2). Relative kidney CS activity of SNP fish
rose by over 60% (p = 0.002) between March and
June and remained elevated in August (Fig. 3).
Specific and relative kidney CS activities of L24 fish
were initially lower than SNP fish; relative activity
of L24 fish did not change significantly between
March and August (p > 0.1), whereas specific ac-
tivity increased slightly but significantly (p = 0.04),

Changesincytochrome ¢ oxidase activities (CCO;
Table 3) of liver, gill and kidney were, for the most
part, similar 1o those in CS activity, Within-group
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Tabie 2, Citrate synthase specific activity (C55A) and relative organ weight of Atlantic salmaon exposed 1o stimulated natural photo-

period (SNP) or continuous light (L24),

March 21 April 17 May 7 June 11 August |
C53A (umolmg prot='-h=')
Liver SNP 1,00 2 0.04% 1.14 £0.05% 1.23 £ 0.07% 1.27+0.04 .08 £0.0%
L24 .84 £0.05 .96+ 0,04 1.04 + 0,03 1. 16+ 0.06 LI+ 0.05
ill SMNP 4.02 +0.25* 4.64+0.23 5.20£0.19* 4.63+0.20 3EBS+0.16*%
L24 338+£0.04 4.20+0.17 3.90+0.2] 4544057 Ild4=0n16
Kidney SNP 5.15+0.26 4.93+0.21 S16+0.16 6.29=0.13% 4.97 2016
L24 4.16+0.13 420017 5.22x0.7 5.18=0.29 466 +0.32
Relative organ weight (% body weight)
Liver SNP 1.30 0.0 L7017 1454014 1.10£0.04 1.14+£0.03
L24 1.43 =004 1.66£0.15 149+ 0.14 1.08 + 0,09 1.0 £0.03
Gill SNP 0.74 £0.05 (.85 £0.02* 0.74 = 0,03 0.85+£0.12# 0.71+£0.09
L24 0.79 £ 0,02 .70+ 0.02 064 +(0L02 (1,73 20.01 0.65+0.08
Kidney SMP 0,72+0.03 0,88 +0.04 0.77 £0.04 077+ 0.03* 0.77+0.02*
L24 0.68 +0.03 0.74£0.05 06 + 1.0 0.64+0.03 064 +0.03

Walues are mean + SEM of 6-8 fish in each group at each time interval. An asterisk signifies a significant difference between the SNP
and L24 groups at a given time interval (p = 0.05, Studem-Newman-Keuls test, preceded by two-way ANOVA, p < 0.05).

& —@sr :
1 O--0Lz é-——a,\
5 I o
- it
KIDKEY 1\;
4 ; ! I T
I D= m =
AN L .
L - 1 ? I .
3T+ ;i}/
T GILL & i .
g - I+ -‘H\"-l_.—--—'_.
g%
E 3 | -0 o= 'I
52 SRR e meag W
5‘ = % o” “HQ#’# ko
B & 2
i
o LR /T"“\[
]
e i ¢
- bt R Q== — == &
14
adl— : i f

——
MARCH APRIL MAYT JUNE JULY

Fig, 3. Citrate synthase relative activity in liver, gill and kidnev
of Atlantic salmon exposed to simulated natural photoperiod
(5MPyorcontinuous light (L24). Values are mean + SEM of 68
fish per group per sampling date. SEM's not shown are less than
the value overlaid by the symbol of the mean. Intervals marked
with an asterisk are significantly different from the L24 group
(p =< 0.05, two-way ANOVA followed by Student-Mewman-
Keuls test).

variations in CCO activity were about twice those
seenin CS activity, and the differences between SNP
and L24 fish were of a lesser magnitude and were less
often of statistical significance than those seen for
CSactivity. Liver and gill CCO specific activities did
not differ significantly between the two photoperiod
treatments {p = 0.1). Relative liver CCO activity of
SNP fish was greater thanthat of L24 fish in August,
whereas relative gill CCO activity was greater in both
April and May. In spite of 15% —30% increases be-
tween March and June, liver and gill CCO relative
and specific activity did not change significantly
over time in SNP fish (p = 0.1). In L24 fish, signifi-
cant changes occurred over time in CCO relative ac-
tivity of gill (p = 0.004), but not of liver (p = 0.09).

Specific and relative CCO activity of kidney tissue
from SNP fish increased by 60% and 100%, respec-
tively, between March and June (p < 0.001). These
levels declined slightlv in August, but remained
higher than levels seen initially in March. Specific
and relative CCO activity of L24 fish also increased
significantly (p < 0.01) with time, but to a lesser ex-
tent than the SNP fish. Specific CCO activity of
SNP fish was significantly greater than that of L24
fish in June, whereas relative CCO activity was
greaterin SNP fish at every time point except March,

Discussion

Gill Na* ,K*-ATPase (the sodium pump) plays a
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Tubfe 3. Changes in cviochrome c oxidase specific (CCOSA) and relative activity (CCORA) of Atlantic salmon exposed to stimulated

natural photoperiod (SNFP) or continuous light (L24),

March 21 April 17 May 7 June 11 August |
CCOSA {umol-mg prot=+h-1)
Liver SNP 5.4+04 5103 §5.2+0.5 5.9+0.5 5.5+0.5
L24 4.1+0.3 5.0x03 4.6+0.4 6.0+0.% 5.2+0.3
Gill SNP 77204 8.5+0.4 Bitl4 8.7+0.6 8.0+40.6
24 7104 8104 T.1+0.3 10.1£0.3 6.8+0.2
Kidney SMP 10.3+0.8 1.5 +0.4 11.0+0.4 16.1 +0.8* 12.0+0.5
L.24 B9+0.8 100+0.5 1.0+ 0.6 13,707 11.3+£0.6
CCORA (umol + g body wi=! - h=1)
Liver SNP B6+0.2 1h4+1.2 3.0+1.0 B0=0.7 B8.9+0.54
L24 T0£0.7 9.0+1.0 6.2+0.4 B.0=0.8 6.9+0.8
Gill SWP 43404 5.8x0.4% 4804 37x04 5.0+0.8
.24 4.3zx0.2 4.6+0.3 Ja=+0.1 5.3x03 4.1x0.4
Kidney SNP 6.9+0.3 10,2+ 0.4% 9.3£03* 14307 12.3+0.6*
.24 6.0+ 0.6 Blx06 7.220.3 10.0£1.0 9.1+0.8

Values are mean = SEM of 6-8 fish in each group al each time interval. An asterisk signifies a significant difference between the SNP
and L24 groups at a given time interval (p < 0.05, Student-Mewman-Keuls test, preceded by two-way ANOVA, p < 0.05).

central role in current models of the salt-secret-
ing function of the gills (Silva er al. 1977; Evans
1984), The strong correlation between gill Na*,
K*-ATPase activity and salinity tolerance in At-
lantic salmon {Langdon and Thorpe 1985; Me-
Cormick er af. 1987) indicates that gill Na® ,K+-
ATPase activity is both a good indicator and a
functional part of the developmental changes that
occur during the parr-smolt transformation. The
results of the present study confirm previous find-
ings (Saunders et al. 1985; McCormick ef al. 1987)
and those of the accompanying paper {(McCormick
el gl 1988), that exposure to continuous light
in autumn will inhibit the increases in salinity
tolerance, hypoosmoregulatory ability and gill
Na*t,K*-ATPase activity that normally occur in
spring. The relatively long period during which gill
Nat,K*-ATPase activity remained elevated in
the present study may have resulted from the rela-
tively low rearing temperatures used in this ex-
periment. Johnston and Saunders (1981) found
that exposure of Atlantic salmon to elevated tem-
peratures in late winter and early spring will
cause an earlier decline in gill Na® K *-ATPase
activity,

The large differences in osmoregulatory physiol-

ogy between SNP and L24 fish justify the use of
the terms smolt and non-smolt, respectively, for
these groups, with the understanding that other
aspects of the transformation (e.g. behavior) may
not be as dramatically affected by photoperiod.
Although parr can possess elevated gill Na*t K *-
ATPase activity in spring (Langdon and Thorpe
1985; McCormick ef al. 1987), the increase is
smaller in magnitude than that seen in smolts.
Furthermore, parr, like L24 fish in the present
study, do not increase salinity tolerance or hypo-
osmoregulatory ability in spring, whereas SNP
fish do (Saunders ef al. 1985; McCormick ef al.
1989).

The greater specific Na™ K *-ATPase activity of
the kidney relative to the gill (Fig. 2} is indicative of
the large active ion transport capacity of the kid-
ney. Freshwater teleosts produce a copious and di-
lute urine to counteract the passive influx of water
(Hickman and Trump 1969}, In the present study
there was neither an increase with time in SNP
fish nor a significant difference between SNP and
L24 fish that would constitute evidence for a de-
velopmental change in kidney Nat . K7-ATPase
activity in Atlantic salmon during the parr-smolt
transformation. McCartney (1976) reported spring
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increases in kidney Na* K*-ATPase specific ac-
tivity in Atlantic salmon. These changes occurred
in the absence of changes in gill Na* ,K*-ATPase
activity (or other indicators of the parr-smolt trans-
formation), and it is therefore difficult to deter-
mine whether the changes in kidney Na*, K*-
ATPase activity reported by McCartney (1976)
were the result of developmental change.
Baggerman (1960} hypothesized that changes in
osmotic balance may occur during the parr-smolt
transformation and act to initiate downstream
migration. Although a number of studies have
found changes in plasma ions coincident with the
parr-smolt transformation, a similar number have
been unable to find such changes (see review by Fol-
mar and Dickhoff 1980). The absence of differ-
ences in plasma osmolarity, [Na*], [Cl7] and [K*]
between SNP and L24 groups (smolt and non-
smolt, respectively) suggests that disturbances in
extracellular osmotic balance are not a necessary
consequence of the parr-smolt transformation. It
has been suggested that a releasing factor or stimu-
lus (such as increased temperature or flow rate) is
also required to cause osmotic perturbation which
could in turn initiate migratory behavior (Bagger-
man 1960; McCormick and Saunders 1987).
Although there was no difference in regulation of
the major plasma ions between SNF and L24 fish,
plasma [Mg* *] of SNP fish was 10—-18% lower
than that of the L24 group from March to June
(Fig. 1). In August, plasma [Mg* *] of SNP fish
increased to that seen in the L24 fish. While having
no impact on total osmotic balance, these differ-
ences may be of physiological significance, perhaps
reflecting a difference in kidney function between
smolts and non-smolts in fresh water. The low vari-
ation in plasma [Mg* *] within each group sug-
gests that [Mg ™ *] is tightly regulated in these fish,
The relative organ weight of the gill and kidney
of smolts was larger than that of non-smolts at
several time points, even though fish in the two
groups were of equal size throughout the study,
Although it seems likely that these differences are a
consequence of the parr-smolt transformation, it is
difficult to conclude this with certainty because of
the fluctuations which occurred in the SNP group.
These fluctuations may reflect a complex interac-

tion between size- and development-related changes
in relative organ weight,

To compare organ mitochondrial enzyme activi-
ty between smolts and non-smolts, changes in wet
weight specific mitochondrial enzyme activity were
normalized for changes in relative organ weight,
and termed the relative enzyme activity (expressed
as umoles product produced by the organ/g total
body weight/h). This calculation permits direct
comparison of organ enzvme activity in instances,
such as the present, in which relative organ weight
differs with time or between experimental groups.
The utility of this caleulation is most apparent in
the case of liver citrate synthase specific activity of
L24 fish which increases progressively with time
(and size); when corrected for changes in relative
liver weight, the citrate synthase activity of L24 fish
is seen to remain constant through time (Fig. 3).
Goolish and Adelman (1987) recently reported a
significant correlation between relative liver weight
and CCO activity in largemouth bass (Micropterus
salmaides).

It was deemed inappropriate to normalize Na*,
K7*-ATPase activity to relative organ weight be-
cause the assay included a partial purification
procedure {as opposed to the whole homogenates
used in mitochondrial enzyme assays). In the case
of the gill such a calculation would increase the al-
ready significant differences in Na* K *-ATPase
activity between smolts and non-smolts. The slight-
ly larger relative kidney weight of SNP fish would
result in slightly greater kidney Na* ,K*-ATPase
relative activity compared to that of L24 fish,

Measurement of mitochondrial enzyme activity
has been widely used as an indication of differences
in respiratory capacity in tissues and cell types
(Sidell 1983; Goolish and Adelman 1987). Citrate
synthase and cytochrome ¢ oxidase activities have
been most useful in this regard because they are
generally believed to be rate-limiting and, there-
fore, most accurately reflect respiratory capacity in
vivo (Erecinska and Wilson 1982; Mommsen 1984).
The activities of these enzymes are directly related
to differences in oxvgen consumption between tis-
sue types, and to changes in metabolic capacity and
oxvgen consumption of a tissue following environ-
mental change, such as thermal adaptation in tele-




osts (Sidell 1983). In the present study citrate syn-
thase and cytochrome ¢ oxidase activities respond-
ed in a similar manner to photoperiod treatment,
although CCO activity displayed greater variation
among individuals and apparent fluctuations over
time. Such variation may have obscured statistical-
ly significant differences between the SNP and L24
groups which were found in gill and liver CS speci-
fic activity but not in CCQO specific activity.
However, we cannot rule out the possibility that the
small differences of the two enzymes in response to
photoperiod treatment may reflect real differences
in their regulation in response to developmental
change.

Between March and May, mitochondnal enzyme
activity of liver, gill and kidney of SNP fish in-
creased between 20% and 100%, concurrent with
increases in gill Na* K™ -ATPase activity. Al-
though there were some fluctuations in the L24
group, liver, gill and kidney mitochondrial enzyme
activity of this group remained relatively constant
over time, and where significant differences oc-
curred, were lower than those of SNP fish. Liver
and gill mitochondrial enzyme activity had returned
to initial (March) levels by August, whereas kidney
relative activity remained elevated. These results in-
dicate that an increase in respiratory capacity of
liver, gill and kidney occurs during the parr-smolt
transformation of Atlantic salmon.

Increased succinate dehydrogenase activity of gill
tissue has been observed in spring in Atlantic
salmon (Chernitsky and Shterman 1981; Langdon
and Thorpe 1985), and has been correlated with in-
creases in gill Na* ,K*-ATPase activity and salin-
ity tolerance. In the present study, gill Na* K*-
ATPase and the activity of rate-limiting mitochon-
drial enzymes increased concurrently. Mitochon-
drial enzyme activity decreased by August whereas
gill Na* ,K* -ATPase activity remained elevated, a
result that is difficult to explain solely through
changes in the number of chloride cells which con-
tain higher Na*,K*-ATPase and mitochondrial
enzyme activities than other gill cell types (Sargent
et al. 1975; Langdon and Thorpe 1984), As dis-
cussed above, this may have been partly due to the
low rearing temperatures used in the present study,
MecCormick ef al. (1989) found that adaptation of
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Atlantic salmon to 30 ppt seawater did not result in
increased gill CS or CCO activity relative to fish in
0 ppt, despite a 5-fold increase in gill Na* ,K*-
ATPase activity. From the present study we cannot
determine whether the observed increase in respira-
tory capacity is due to an increase in the number
of chloride cells or to a general increase in gill meta-
bolism. Such a distinction will require enumeration
of cell types and their specific biochemical charac-
teristics during the parr-smolt transformation.

Seasonal changes in kidney mitochondrial en-
zvme activity of salmonids have not been previous-
lv reported. Increases of up to 100% occurred in CS
and CCO activity of smolts between March and
June. Such large increases in respiratory capacity of
this tissue suggest an increased metabolic rate that
may be due to increased water and ion transport or
to the metabolic demands of differentiation that
may occur during this period, or to both. Holmes
and Stainer (1966) found that urine flow and water
excretory rates of steelhead (Salmo gairdneri)
smolts is less than that of early and late smolts, and
that these differences were entirely due to decreases
in glomerular filtration rate. In contrast, Eddy and
Talbot (1985) recorded increases in urine produc-
tion of Atlantic salmon during the parr-smolt trans-
formation. These conflicting results make it
difficult to conclude whether and to what extent
kidney function is altered during the parr-smolt
transformation. The large changes in respiratory
capacity of the kidney found in the present study
suggest that changes in the function of this organ
may occur during transformation.

It is difficult to distinguish whether increased
respiratory capacity of osmoregulatory organs is
due to increases in the metabolic demands of ion
transport or to metabolic demands of differentia-
tion which may occur during the parr-smolt trans-
formation. Metabolic changes in the liver are easier
to interpret. Results of the present study agree with
those of Blake er al. (1984), which demonstrated
50% greater liver cytochrome c oxidase and suc-
cinate dehydrogenase activities in smolts relative to
parr. Sheridan er af, (1985) found increased lipo-
Ivtic and decreased lipogenic activity in coho
salmon livers during the parr-smolt transformation
which results in the depletion of lipids in the liver
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and whole body. In the present study we have found
that increases in liver respiratory capacity are rever-
sible. These findings indicate that there is a tran-
sient catabolic increase that occurs during the parr-
smolt transformation, which may be due in part to
the energetic demands of differentiation.

Acknowledgments

We thank Kats Haya for providing us laboratory
space and equipment, and Eugene Henderson and
Paul Harmon for aquacultural, technical and
knowledgeable assistance. Howard A. Bern, Chris-
topher D. Moyes and James 5. Ballantyne made
many helpful comments in review. 5.D. McCor-
mick received financial support from the Natural
Sciences and Engineering Research Council and
Department of Fisheries and Oceans, Canada.

References cited

Alp, P.R., Newsholme, E.A. and Zammit, V. A, 1976, Activitics
of citrate synthase and NAD + -linked and NADP + -linked
isocitrate dehvdrogenase in muscle from vertebrates and in-
vertebrates. Biochem, J. 154: 689700,

Baggerman, B. 1960, Factors in the diadromous migrations of
fish. Symp. Zool. Scc. London 1: 33-640,

Blake, R.L., Raberts, F.L. and Saunders, K. L. 1984, Parr-smolt
transformation of Atlantic salmon (Saima salar): activities of
two respiratory enzymes and concentrations of mitochondria
in the liver. Can. J. Fish. Aquat. Sci. 41: 199-203,

Chernitsky, A.G. and Shterman, L. Ya. 1981, Peculiarities of
osmaregulation in the migrating juvenile Atlantic salmons.
Voprosy Ikhtiologii 21: 497=502.

Collie, N.L. and Bern, H.A. 1982, Changes in intestinal fluid
transport associated with smoltification and seawater adapta-
tion in coho salmon, Oreorkynchus Kisurch (Walbaum). J.
Fish Biol. 21: 337-343,

Eddy, F.B. and Talbot, C. 1985, Urine production in smelting
Atlantic salmon, Salmo safar L. Aquaculture 45: 67-T72,
Erecisnka, M. and Wilson, D.F. 1982, Regulation of cellular

energy metabolism. J. Membrane Biol, T0: 1-14.

Evans, D.H. 1984, The roles of gill permeability and transport
mechanisms in euryhalinity. fr Fish Physiclogy, Vol. XB. pp.
239-283. Edited by W.5. Hoar and D.). Randall. Academic
Press, New York.

Folmar, L.C, and Dickhoff, W.W . 1980, The parr-smalt trans-
formation (smoltification) and seawater adaptation in
salmonids. A review of selected literalure. Aguaculture 21:
1-37.

Goolish, E.M. and Adelman, LE. 1987, Tissue-specific
cytochrome oxidase activity in largemouth bass: the meta-
bolic costs of feeding and growth, Physiol. Zool. 60:
454 —dhd,

Heinonen, J.K, and Lahti, R.J, 1981, A new convenient colori-
metric determination of inorganic orthophosphate and its ap-
plication to the assay of inorganic pyrophosphatase. Anal.
Biochem. 113: 313-317.

Hickman, C.P. and Trump, B.F. 1968, The kidnev. I'n Fish
Physiology, Vol. 1. pp. 91-239, Edited by W.5. Hoar and
D.J. Randall. Academic Press, New York,

Hoar, W.5. 1988, The physiology of smolting salmonids. M
Fish Physiology ¥Wol. XIB. pp. 275=343, Edited by W.5.
Hoar and D.]1. Randall. Academic Press, New York.

Halmes, W.N. and Stainer, L.M. 1966, Studies on the renal ex-
cretion of electrolytes by the trout Salmo gairdneri. 1. Exp.
Biol. 44: 33-45,

Joehnstan, C.E. and Saunders, R.L. 1981, Parr-smolt transfor-
mation of vearling Atlantic salmon (Salmio salar) at several
rearing temperatiures. Can. J. Fish, Aquat. Sci. 38: 1189-
1198,

Langdon, J.5. and Thorpe, I.LE. 1984, Response of the gill
Ma+ K+-ATPase activity, succinic dehvdrogenase activity
and chloride cells to saltwater adapration in Atlantic salmaon,
Safmo sajgr L., parr and smaolt. J, Fish Biol. 24: 323-331,

Langdon, J.5. and Thorpe, J.E. 1985, The ontogeny of smaoltifi-
cation; developmental pattern of gill Na®/K*-ATPase,
SDH, and chloride cells in juvenile Atlantic salmen, Salmo
safar L. Aquaculiure 45; B3-96,

MeCartney, T.H. 1976, Sodium-poassium dependent adeno-
sine triphosphatase activity in gills and kidneys of Atlantic
salmon  {(Salme  salar). Comp. Biochem. Physiol, 33;
151-353.

MeCormick, 5.D. and Saunders, R.L. 1987, Preparatory phys-
iological adaprations for marine life of salmonids: csmoregu-
lation, growth, and metabolism. Am. Fish. Soc, Symp. [
201229,

MceCormick, 5.0., Saunders, R.L., Henderson, E.B. and Har-
mon, P.R, 1987, Photoperiod contral of parr-smolt transfor-
mation in Atlantic salmon (Salme solar): changes in salinity
tolerance, zill Nat K+-ATPase activity and thyroid hot-
mones, Can. J. Fish, Aqg. Sci. 44: 14621468,

McCormick, 8.D., Moyes, C.D. and Ballantyne, J.5. 1989, In-
fleence of salinity on the energetics of gill and kidney of Ar-
lantic salmon {Se/mo salgr). Fish Physiol, Biochem. This is-
sue, pp. 243-154,

Miller, G.L. 1939, Protein determination for large numbers of
samples. Analvt, Chem. 31: 964,

Mommsen, T.P. 1984, Metabolism of the fish gill. f'n Fish
Physiology, Vel. XB. pp. 203—233. Edited by W.5. Hoar and
D.J. Randall. Academic Press, New York.

Richman, N.H., Tai de Diaz, 5., Nishioka, R.5., Prunet, P.,
and Bern, H.A, 1987, Osmoregulatory and endocrine rela-
tionships with chlonde cell morphology and density during
smaltification in coho salmon (Cncorhynchus kiswich).
Aquaculture 60: 265-285.




Sargent, J.R., Thompson, A.J. and Bornancin, M. 1975, Activi-
ties and localization of suceimic dehydrogenase and Na</
K *-activated adenosine triphosphatase in the gills of fresh-
water and seawater eels {Anguitlg anguilia). Comp. Biochem.
Physiol. 51: 75-79,

Saunders, R.L. and Henderson, E.B. 1978, Changes in gill
ATPase activity and smolt status of Atlantic salmon {Salmme
safar), J. Fish, Res, Bd. Can, 35: 1295-1311.

Saunders, B.L., Henderson, E.B. and Harmon, P.R. 1985, Ef-
facts of photoperiod on juvenile growth and smolting of At-
lantic salmon and subseguent survival and growth in sea
cages. Aquaculiure 43: 55—66.

Sheridan, M. A., Woo, N.Y.5. and Bern, H A, 1985. Changes
in the rates of glycogenssis, glycogenolysis, lipogenesis and
lipolysiz in selected tissues of the coho salmon (Cwcorhyechus
kisterch ) associated with parr-smolt transformation, J. Exp.
Zool, 236: 15-44,

241

Sidell, B.D. 1983, Cellular acclimatisation 1o environmental
change by quamitative alverations in enzyvmes and organelles.
In Cellular Acclimatisation to Environmental Change. pp.
13— 120. Edited by A.R. Cossins and P. Sherterline. Cam-
bridge Univ. Press, Cambridge.

Silva, P., Solomon, R., Spokes, K. and Epstein, F.H. 1977.
Cuabain imhibition of gill Na-K-ATPasz: relationship to ac-
tive chloride transport. J. Exp. Zool. 199: 419-424.

Zaugeg, W.5. and McLain, L.E. 1970, Adenosine triphosphatase
activity in gills of salmonids: seasonal variations and salt
water mfluences in coho salmon, Orcorbyhchis Kisuich.
Cemp. Biochem. Physiol. 35: 587-596.

Zaugg, W.5. 1982, A simplified preparation for adenosine
triphosphatase determination in gill tissue. Can. J. Fish. Aq.
Sci. 39: 215=217.




