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Abstract

Sea-run Baltic salmon (Salmo salar) populations have been affected by the M74 syndrome since 1974 causing high
yolk-sac fry losses in Swedish compensatory rearing plants. M74 has been shown to be a maternally transmitted
thiamine (vitamin B1) deficiency. The aim of this study was to investigate possible relationships between thiamine and
hepatic activities of the thiamine-dependent enzymes transketolase (TK) and a-ketoglutarate dehydrogenase (a-
KGDH) in addition to glucose-6-phosphate dehydrogenase (G6PDH) and cytochrome P4501A (CYP1A), measured
as 7-ethoxyresorufin O-deethylase (EROD), in Baltic salmon yolk-sac fry after treatment with thiamine. Thiamine
concentrations and activities of TK, a-KGDH and EROD were significantly lower (PB0.05) in M74 groups
compared to controls (not developing M74) and family groups of thiamine injected females. In M74-developing
groups the thiamine immersions reduced the mortality from 86 to 13% and restored thiamine concentrations and
activities of TK, a-KGDH and EROD to levels slightly lower than the immersed controls. An interesting fact was
that the controls showed significantly elevated (PB0.05) TK and a-KGDH-activities after immersions in thiamine,
indicating that they also may have a stressed thiamine metabolism. The TK and a-KGDH-activities of unimmersed
groups correlated significantly (PB0.05) with the thiamine content. We suggest that the low activities of TK and
a-KGDH in M74 groups may be an integrative part in the pathogenesis of M74 development. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Sea-run Baltic salmon (Salmo salar) popula-
tions have, since 1974, been afflicted by a severe
reproduction disturbance designated the M74 syn-
drome (Börjeson and Norrgren, 1997). The M74
syndrome has been shown to be a vertically trans-
mitted thiamine (vitamin B1) deficiency from fe-
males to their progeny (Amcoff et al., 1998a).
Family groups developing M74 demonstrate typi-
cal clinical signs with neurological aberrations
followed by high mortality rates usually reaching
100% (Börjeson and Norrgren, 1997; Lundström
et al., 1998; A, kerman and Balk, 1998). The syn-
drome frequently occurs in Swedish compensatory
rearing plants, where sea-run broodfish are caught
and stripped of milt and roe. The offspring are
raised until smoltification when released into their
native river. There are also strong indications that
naturally reproducing Baltic salmon populations
are affected by M74 (Karlström, 1999). The M74
syndrome has been described as a hierarchical
thiamine deficiency since in severe cases also
broodfish may be affected by neurological distur-
bances as wiggling and incoordinative behavior
which occasionally results in death prior to
spawning (Amcoff et al., 1998a). Wiggling female
broodfish have low ovarian and hepatic thiamine
content and their progeny is predestined to de-
velop M74 (Amcoff et al., 1998a, 1999a). Devel-
opment of M74 is effectively counteracted by
injections of thiamine in broodfish or newly fertil-
ized eggs or by immersions in a solution of thi-
amine at the egg or yolk-sac fry stage (Amcoff et
al., 1998b; A, kerman and Balk, 1998; Börjeson et
al., 1999).

The cause of the low thiamine concentrations in
adult Baltic salmon is unknown, even though,
oxidative stress due to biotransformation of xeno-
biotics, changed nutritional status and extensive
feeding on prey items containing the thiamine
decomposing enzyme thiaminase are factors that
have been considered as potentially involved in
the etiology (Börjeson and Norrgren, 1997; Am-
coff et al., 1998a). Recent studies have suggested
increased NADPH use due to biotransformation
of xenobiotics as the driving force for the thi-
amine depletion (A, kerman et al., 1998a).

The diphosphate ester of thiamine (TDP) is the
coenzyme of transketolase (TK; EC 2.2.1.1), the
pyruvate dehydrogenase complex (PDH; EC
1.2.4.1, EC 2.3.1.12, EC 1.8.1.4) and the a-ketog-
lutarate dehydrogenase complex (a-KGDH; EC
1.2.4.2, EC 2.3.1.61, EC 1.8.1.4) which are situ-
ated in the pentose–phosphate shunt (PPS), the
glycolytic pathway and the citric acid cycle, re-
spectively (Stryer, 1988). The PPS produces
NADPH and ribose 5-phosphate (R5P) and the
rate limiting steps of the PPS are the glucose-6-
phosphate dehydrogenase (EC 1.1.1.49; G6PDH)
and the TK (Sabate et al., 1995).

Thiamine deficient rainbow trout
(Oncorhynchus mykiss) have reduced TK-activities
(Lehmitz and Spannhof, 1977; Morito et al., 1986;
Masumoto et al., 1987), while rainbow trout yolk-
sac fry exposed to PCBc77 have shown in-
creased TK-activities, possibly indicating an
enhanced need of products derived from the PPS
during induced biotransformation (A, kerman et
al., 1998b). M74-developing Baltic salmon yolk-
sac fry show thiamine correlated reductions of
cytochrome P4501A-activities (CYP1A), mea-
sured as 7-ethoxyresorufin O-deethylase (EROD),
indicating a possible connection between thiamine
status, thiamine-dependent enzymes and CYP1A-
activities (Börjeson et al., 1999; Lundström et al.,
1999a). This relationship is also supported by the
low activities of CYP1A observed in Baltic
salmon yolk-sac fry exposed to the thiamine an-
tagonist oxythiamine (Amcoff et al., 1999b).

This study was performed to study whether
Baltic salmon yolk-sac fry affected by M74 have
altered hepatic activities of TK, a-KGDH,
G6PDH and CYP1A compared to healthy off-
spring, and also, to study the potential effects of
different thiamine status and treatments on the
activities of these enzymes.

2. Materials and methods

2.1. Fish material and thiamine treatment

The fish material used originated from sea-run
ascending Baltic salmon of the River Dalälven
population that were caught in July to August in
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1996 by means of a fish trap. The broodfish were
kept at the Broodfish Station of the National
Board of Fisheries in A8 lvkarleby in large indoor
pools with flowing river water until maturation.
Approximately 3 weeks before maturation four
randomly selected females, including one wiggling
female predestined to produce M74- developing
offspring (Amcoff et al., 1998a), were anaes-
thetized in MS222® (Sandoz Ltd., Basel, Switzer-
land; 5 min in 170 mg/l) and injected i.p. with a
sterile solution of 100 mg thiamine hydrochloride
(buffered to pH 6.9 with NaOH) per kg body-
weight. All fish were stripped of their eggs on 5th
of November and females were measured of
weight and length and their fecundity was evalu-
ated. The thiamine injected females were
dissected and their abdominal cavity was in-
spected for lesions caused by the injections.
Milt from one sea-run male of River Daläven
origin was added to each egg batch together
with 0.5 l river water and left for 3 min for
fertilization. Eggs were then rinsed in river water
and thereafter water-hardened for 3 h in 5–6°C
river water. After water-hardening, all egg batches
were disinfected in a iodophore solution of
Buffodine® (1%, v/v; Evans Vanodine Interna-
tional Ltd., Preston, UK) for 10 min after
which the eggs were incubated in separate hatch-
ing trays with flowing river water. The water
temperature varied between 0.1 and 6°C in
November to hatching in late April and between 6
and 12°C in May during the yolk-sac fry
development.

By means of prognostic hatching (i.e. hatching
of 200 eggs at an elevated temperature, 7°C, to
screen in advance for groups developing M74)
four M74-prognosticated family groups (M74)
and four healthy groups (controls) were selected.
In addition offspring from four thiamine injected
females (TI) were included in the study. Five days
after hatching, at 32 posthatch degree-days (32
d°C), 50% of each group was immersed for a
period of 2 h in an aerated recirculating thiamine
solution (2.000 mg thiamine hydrochloride/l per
1.000 individuals) with the pH adjusted to 6.9
with NaOH. The treatment was repeated after an
additional 10 days at 124 d°C. The immersion
concentration was in agreement with previously

performed studies and was estimated to counter-
act development of M74 (Amcoff et al., 1998b).
The hatching trays were monitored daily for dead
individuals that were removed. Two days after the
onset of the first clinical signs of M74, at 182 d°C,
10 whole alive yolk-sac fry from each group were
put in airtight zip-lock® bags, killed in liquid
nitrogen and stored at −80°C for whole body
thiamine analysis. For analysis of hepatic TK,
a-KGDH, G6PDH and CYP1A-activities,
a total of 15 yolk-sac fry from each group were
measured of their length and placed in ice cold
saline during dissection of their liver. The livers
were pooled in threes in 300 ml sucrose 0.25 M
and immediately homogenized (glass-Teflon ho-
mogenizer, c18, Kontes, Vineland, NJ) at 0°C
using 5 up-and-down strokes at 400 rpm and
thereafter directly divided in aliquots to cryotubes
and plunged into liquid nitrogen. For the enzy-
matic analysis the samples were stored at −
120°C and rapidly thawed just before activity
measurements.

2.2. Thiamine analysis

Total thiamine was analyzed based on the
method by Roser et al. (1978) and performed as
described by Amcoff et al. (1999a). Samples were
extracted using acid hydrolysis at 121°C after
which the extract was cooled to 23°C and the pH
adjusted to 4.0. For enzymatic degradation
and dephosphorylation of the thiamine
phosphate esters a suspension of Taka-Diastase
(Pfaltz and Bauer, Chemicon, Stockholm, Swe-
den) in water was added to the extract at
a ratio of 0.1 g/g of sample and incubated at
45°C for 4 h. The extracted thiamine was con-
verted to the fluorescent compound thiochrome
using an automated pre-column derivation tech-
nique and analyzed with High-Pressure Liquid
Chromatography (HPLC). The conversion effi-
ciency of the Taka-Diastase preparation was
checked by analysis of known amounts of thi-
amine and TDP added to the yolk-sac fry ho-
mogenate. All samples were analyzed in
duplicates and presented on a wet weight basis
(ww).
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2.3. Enzyme assays

TK-activity was measured with a coupled spec-
trophotometric assay as essentially described by
Smeets et al. (1971) and Tate and Nixon (1987).
The incubation media consisted of 100 mM Tris–
HCl buffer at pH 7.6, MgCl2 1.2 mM, D-xylulose
5-phosphate 0.8 mM, NADH 0.2 mM, 8 U/ml
triosephosphate isomerase (EC 5.3.1.1) and 0.8
U/ml a-glycerophosphate dehydrogenase (EC
1.1.1.8) at 30°C. To obtain a stable background
we allowed the sample to incubate for 5–10 min
before start by adding of D-ribose 5-phosphate 10
mM. The results are presented in nmol NADH
oxidized/min per liver.

The a-KGDH-activity was analyzed according
to Heddi et al. (1993) with some modifications.
The incubation media contained 50 mM KH2PO4/
Na2HPO4 at pH 8.0, sucrose 200 mM, rotenone
0.012 mM, MgCl2 1 mM, HCl cysteine 2.5 mM,
NAD+ 1.25 mM and coenzyme A 0.1 mM at
10°C. Before initiating the enzymatic activity with
2 mM a-ketoglutarate and measurement of in-
crease in optical density at 340 nm with a 4 nm
wide band the sample was treated with 2% Triton
X-100®. Treatment with 0.1–2% Triton X-100®

for 2 min was found to significantly increase the
activity while further increase of Triton X-100®

concentration did not improve the activity. Com-
parison with the detergents CHAPS® or Lubrol
PX® indicated that Triton X-100® was the best
solubilizer of mitochondrial membrane for a-
KGDH measurements. Treatment with detergent
was performed at 20°C while the enzymatic activ-
ity was run at 10°C since higher temperatures
indicated lower activities. The results are pre-
sented in nmol NADH formed/min per liver.

The G6PDH-activity was measured according
to the method of Taketa and Watanabe (1971)
with slight modifications, 50 mM Tris–Cl buffer
at pH 7.7, MgCl2 20 mM, NADP+ 0.5 mM,
glucose-6-phosphate 1 mM, and the results are
expressed as nmol NADPH formed/min per liver
at 30°C.

Ethoxyresorufin O-deethylase (EROD) was an-
alyzed according to the methods of Prough et al.
(1978) at 22°C and results expressed as pmol
resorufin formed/min per liver.

All enzyme assays were demonstrated to be
linear with time and protein concentration under
conditions used, and appropriate background and
control incubations were performed. Measure-
ments of different enzymatic activities were done
in duplicates for each five pools. Figures are
presented as means9SD of the five pools, each
pool consisting of livers from three yolk-sac fry.
The values for these different samples agreed
within 15%. All chemicals used were of p.a. qual-
ity and obtained from Sigma, St. Louis, US, if not
stated otherwise.

2.4. Statistics

Effects of thiamine bathings on enzyme activi-
ties were statistically evaluated by using Student’s
t-test, after a normal distribution of data was
confirmed using Z-score histograms. For testing
of statistical differences in female biodata, mortal-
ity rates, thiamine concentrations and enzyme ac-
tivities the M74 and TI groups were tested against
the controls by using Student’s t-test. In cases
where data were not normally distributed, the
non-parametric Mann–Whitney U-test was used.
To compare whether the different enzyme activi-
ties corresponded with the thiamine concentra-
tions and to compare the activities of the
thiamine-dependent enzymes with the EROD and
G6PDH-activities, simple regression analysis was
applied. Data were converted by log10 transforma-
tion [X %= log(X+1)] and P-values were calcu-
lated using analysis of variance (ANOVA). In all
testing the work of Zar (1984) was consulted and
the statistics were calculated using the StatView
4.5 data analysis system (Abacus Concepts, Inc.,
Berkeley, CA). Figures were considered statisti-
cally different at a significance level of 0.95 and
are presented as a P-value with the attached
symbol; * PB0.05.

3. Results

The progeny of the thiamine injected females
developed into viable offspring including the off-
spring from the wiggling individual. Females giv-
ing rise to M74-developing yolk-sac fry weighed
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significantly less and gave eggs with smaller di-
ameter than control females (PB0.05) (Table 1).
The mean prevalence of spinal deformities were
between 0.5 and 2.6% with a tendency toward
higher frequencies in M74 groups. All family
groups hatched during a period of 2–3 days and
groups developing M74 displayed typical signs of
M74 including irregular and upward swimming,
convulsions, lethargy, white liver, darkening of
the skin and exophthalmus, as described by Lund-
ström et al. (1998). The thiamine immersions did
not affect the length of yolk-sac fry at 182 d°C
within the same family group.

3.1. Mortality rates

Mean cumulative mortalities at swim-up in un-
bathed and thiamine bathed TI and control
groups ranged between 3.4 and 5.5% (Table 1).
Two of the untreated M74 groups showed partial
M74-development with 66 and 77% mortality,
respectively, while the other two groups died be-

fore 220 d°C. The thiamine treatments signifi-
cantly reduced (PB0.05) mean mortality in M74
groups from 86 to 13% even if M74 groups still
had significantly higher (PB0.05) mortality rates
than controls and TI groups.

3.2. Thiamine concentrations

The recovery of added thiamine and thiamine
diphosphate was found to be between 95 and 98%
in yolk-sac fry homogenate. The thiamine concen-
trations in the M74 groups ranged between 0.20
and 0.33 nmol/g and mean thiamine content was
0.25 nmol/g, which was below the previously sug-
gested threshold limit for development of M74 of
0.34 nmol/g (Amcoff et al. 1998b) and about half
of that in the controls (PB0.05) and 1/22 of that
in the TI groups (PB0.05; Table 2). The immer-
sions in thiamine elevated the thiamine concentra-
tions of the M74 and control groups by an
average of 1.0 nmol/g and the TI groups with 0.7
nmol/g, respectively.

Table 1
Female Baltic salmon (S. salar) biodata, yolk-sac fry deformities and cumulative mortality in groups developing M74 (n=4), groups
from thiamine injected (TI) females (n=4) and in healthy controls (n=4)a

ControlsTIcM74Thiamine immersionsb

Female biodata
7.693.44.891.3* 7.490.42—Weight (kg)

— 1.090.11Condition factord 1.090.10 1.190.081
1600996 16009190Fecunditye 15009120—

—Egg diameter (cm) 0.5690.02* 0.6190.04 0.6190.01
Spinal deformities (%)
At swim-up 1.590.90.590.52.291.7No

0.990.52.692.0 1.090.4YesAt swim-up
Cumulati6e mortality (%)

— 1.990.9Fertilization to eyed egg 3.193.1 0.990.5
5.592.186917*NoEyed egg to swim-up 3.992.3

1393.8* 3.491.8Yes 4.593.0Eyed egg to swim-up

a Figures are means9S.D. To test for statistical differences M74 and TI groups were tested against controls by using Student’s
t-test.

b Immersed in 2.000 mg thiamine hydrochloride/1.000 yolk-sac fry/l for a period of 2 h at 32 and 124 d°C.
c Females injected i.p. approximately 3 weeks before maturation with 100 mg thiamine hydrochloride (buffered to pH 6.9 with

NaOH) per kg body weight.
d (Body weight (g))/(length (cm3))�100.
e Mean number of eggs per kg body weight.
* PB0.05.
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Table 2
Thiamine concentrations (nmol/g; ww) and hepatic activities of transketolase (TK), a-ketoglutarate dehydrogenase (a-KGDH),
glucose-6-phosphate dehydrogenase (G6PDH), the ratio [TK/G6PDH] and cytochrome P4501A-activity (EROD) in Baltic salmon
(S. salar) yolk-sac fry sampled 15 days after hatching at 182 d°Ca

Analyzed parameter M74 (n=4)Thiamine bathb TIc (n=4) Controls (n=4)

0.2590.043*Thiamine (nmol/g) 5.592.0*No 0.4990.15
Thiamine (nmol/g) Yes 1.390.11 6.291.7* 1.590.26

0.4290.13* 3.490.47*TK (nmol/min per liver) 1.890.96No
2.490.13 3.790.81Yes 3.691.1TK (nmol/min per liver)

0.000890.002d,* 0.2690.05*a-KGDH (nmol/min per liver) 0.1190.04No
0.1290.03 0.2190.04Yes 0.1790.04a-KGDH (nmol/min per liver)

NoG6PDH (nmol/min per liver) 4.891.6 4.390.75* 5.890.79
3.690.57* 5.091.5Yes 5.690.77G6PDH (nmol/min per liver)

No[TK/G6PDH] 0.0990.02* 0.8090.04* 0.3390.18
Yes[TK/G6PDH] 0.6790.12 0.7490.04 0.6490.16

1792.6* 42915*No 80914EROD (pmol/min per liver)
28912 54930EROD (pmol/min per liver) 59926Yes

a Figures are means9S.D.; four family groups for each category. To test for statistical differences M74 and thiamine injected (TI)
groups were tested against controls by using Student’s t-test.

b Immersed in 2.000 mg thiamine hydrochloride/1.000 yolk-sac fry/l for a period of 2 h at 32 and 124 d°C.
c Females injected i.p. approx. 3 weeks before maturation with 100 mg thiamine hydrochloride (buffered to pH 6.9 with NaOH)

per kg body weight.
d The obtained low mean value reflect a number of animals analyzed being below the detection limit, see Table 3.
* PB0.05.

3.3. Enzyme acti6ities

All enzyme activities, except for G6PDH in the
M74 groups, were statistically different when
comparing M74 and TI groups with the controls
(Fig. 1a). Untreated M74-developing family
groups had significantly lower activities of TK
and a-KGDH (PB0.05) compared to controls
(Fig. 1a; Table 2), this while the unbathed TI
groups were significantly elevated (PB0.05). The
unbathed TI groups had significantly reduced
(PB0.05) activities of G6PDH compared to con-
trols. The ratio [TK/G6PDH] was significantly
lower (PB0.05) in M74 groups than in TI and
control groups mainly due to the low TK-activi-
ties. The TI group had a [TK/G6PDH] ratio value
of 0.80, which was significantly higher (PB0.05)
than in the controls (0.33). The EROD-activities
in unbathed M74 and TI groups were both signifi-
cantly lower (PB0.05) than in controls.

The thiamine immersions after hatching re-
sulted in normalized enzyme activities that were
non-significantly different from the controls with
the exception of G6PDH in M74 groups (P\

0.05) (Fig. 1b). All control and M74 family
groups significantly elevated (P\0.05) their TK-
activities after immersions in thiamine (Tables 3
and 4), as did the a-KGDH-activities of all M74
family groups and in two of the control groups.
Three of the four M74 groups showed signifi-
cantly lower (P\0.05) G6PDH-activities after
immersions than controls indicating a lower activ-
ity of the pentose-phosphate shunt. The equi-
librium ratio [TK/G6PDH] for all thiamine
immersed M74 and control groups were signifi-
cantly elevated (PB0.05) after immersions in thi-
amine indicating a restoration of the
TK-activities. The study indicates a potential thi-
amine threshold level for saturation of the TK
and a-KGDH enzymes of below 1.3 nmol/g, since
groups with less thiamine content had reduced
TK and a-KGDH-activities. In the TI groups
only one group (TIc4) showed significantly
higher activities (P\0.05) of TK and G6PDH
after thiamine bathings (Table 5).

In unimmersed family groups (n=12) the TK
and a-KGDH-activities were found to be signifi-
cantly (PB0.05) correlated with the thiamine
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content when plotted and subjected to regression
analysis (regression equation for TK: Y= −
0.22+0.54x ; R2=0.64; and for a-KGDH: Y=
−0.01+0.11x ; R2=0.75).

EROD-activities after thiamine immersions
showed a variable pattern between the groups
with significantly increased (PB0.05) activities in
three M74 and two TI groups. This while the
controls demonstrated significant reductions (PB
0.05) of EROD-activities in three family groups.
In thiamine immersed groups (n=12) the EROD-
activities correlated significantly (PB0.05) with
TK and G6PDH-activities when subjected to re-
gression analysis (regression equations for TK:
Y=0.59+1.7x ; R2=0.55; and for G6PDH: Y=
0.29+1.8x ; R2=0.62). In addition, the TK-ac-
tivities in the immersed groups showed a
significant (PB0.05) correlation with G6PDH-ac-

tivities (regression equation: Y=0.041+0.76;
R2=0.60).

4. Discussion

This study provides new data demonstrating
that M74-affected Baltic salmon yolk-sac fry
show reduced activities of the thiamine-dependent
enzymes TK and a-KGDH. Furthermore, healthy
developing offspring had significantly lower activ-
ities of these enzymes compared with the thiamine
injected groups. The similarly low thiamine
threshold limit interval in yolk-sac fry for devel-
opment of M74, found in this (0.20–0.33 nmol/g)
and in previous studies (0.31–0.47 nmol/g; Am-
coff et al., 1998a,b) indicates a concentration
range of thiamine where activities of the thiamine-
dependent enzymes may be severely constrained.
We suggest that the physiological disturbances
observed in M74-affected yolk-sac fry may be
implemented by the disturbed thiamine-dependent
enzyme activities.

Thiamine deficiency can be monitored by assay-
ing TK-activity in a subcellular fraction, with or
without preincubation with TDP, in fish as well as
in mammals (Smeets et al., 1971; Masumoto et
al., 1987). The rise in TK-activity after adding
TDP in vitro reflects the thiamine status of the
animal, the so-called TPP-effect (thiamine py-
rophosphate). The additional information ob-
tained by preincubation with TDP may be of
limited value with fish, since previous investiga-
tions have not shown increased sensitivity or rele-
vance with such a procedure (Brin et al., 1960;
Morito et al., 1986). One reason that the TPP-ef-
fect might not be convenient to monitor when
assaying thiamine-dependent enzymes may be the
relatively long preincubations necessary to recon-
stitute the active holoenzyme (Tate and Nixon,
1987). In addition, another uncertainty with this
preincubation technique is that under certain in
vitro conditions the apoenzyme may not bind
TDP. Since we have obtained results suggesting a
close connection between thiamine status and en-
zymatic activity of TK and a-KGDH in Baltic
salmon yolk-sac fry without studying the TPP-ef-
fect, we suggest that this is satisfactory.

Fig. 1. Hepatic activities of transketolase (TK), a-ketoglu-
tarate dehydrogenase (a-KGDH), glucose-6-phosphate dehy-
drogenase (G6PDH), the ratio [TK}G6PDH] and EROD in
unbathed (a) and thiamine bathed (b) Baltic salmon (S. salar)
yolk-sac fry with M74 development (n=4) or from thiamine
injected (TI) females (n=4) as percentage of healthy controls
(n=4). Figures are means9S.D. Statistical differences be-
tween controls and the M74 and TI groups were tested using
Student’s t-test. The significance level is described as a P-value
with the attached symbol; * PB0.05.
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Table 3
Four family groups of M74-developing Baltic salmon (S. salar) yolk-sac fry after thiamine immersionsa

ERODTKThiamineGroup a-KGDH [TK/6PDH]G6PDH
(n=5)(n=5)immersionsb (n=5)(n=5) (n=5)

NoM74c1 0.5990.092 0.00390.007 6.690.76 2094.2 0.0990.014
M74c1 2.390.26*Yes 0.1090.076* 4.690.57* 4696.4* 0.5090.071*

0.4590.33 0c 4.390.40No 1692.2M74c2P 0.1090.08
YesM74c2P 2.390.073* 0.1590.057* 3.390.21* 2493.4* 0.7090.075*
NoM74c3 0.3490.10 0c 5.590.74 1493.7 0.06290.019

2.690.43* 0.1590.018* 3.890.40*Yes 2597.0*M74c3 0.6890.12*
M74c4P No 0.3091.2 0c 2.990.42 1693.4 0.1090.064

2.290.22* 0.09790.063* 2.890.37 2092.2Yes 0.7990.075*M74c4P

a Two family groups showed partial (P) development of M74. Hepatic activities (nmol/min per liver) of transketolase (TK),
a-ketoglutarate dehydrogenase (a-KGDH), glucose-6-phosphate dehydrogenase (G6PDH), cytochrome P4501A (EROD; pmol/min
per liver) and the ratio [TK/G6PDH] 15 days after hatching at 182 d°C. Figures are means9S.D.; n=5. Groups immersed in
thiamine and unimmersed groups were statistically compared by using Student’s t-test with the significance level 0.95 (* PB0.05).

b Immersed in 2.000 mg thiamine hydrochloride/1.000 yolk-sac fry/l for a period of 2 h at 32 and 124 d°C.
c Below detection limit.

The fact that M74 offspring had smaller eggs
than controls in this study did not seem to af-
fect the obtained results.

The stored glycogen depots in yolk-sac fry
constitute one important source of glucose for
the glycolytic pathway and the PPS. Low glyco-
gen levels in M74-affected yolk-sac fry (Nor-
rgren et al., 1993; Lundström et al., 1999b) and
in yolk-sac fry with experimentally induced thi-
amine deficiency (Amcoff et al., 1999b) indicate
a stressed carbohydrate metabolism. The PPS is
divided into an oxidative and a nonoxidative
part where the former mainly generates
NADPH and the latter R5P. NADPH is neces-
sary in de novo lipogenesis and as a reducing
equivalent for several biotransformation systems
e.g. CYP, while the R5P is required in synthesis
of nucleotides (Segner and Böhm, 1994; Halli-
well and Gutteridge, 1996). Disorders in lipid
composition have been observed among Baltic
M74 salmon (Pickova et al., 1998). TK is situ-
ated to the nonoxidative part, however, reduced
TK-activities in experimentally induced thiamine
deficiency may also reduce production of

NADPH and R5P probably due to a blocked
recycling of R5P from the nonoxidative part of
the PPS into glucose-6-phosphate (Boros et al.,
1997). The rate limiting, and irreversible step, of
the oxidative part of the PPS is the G6PDH the
rate of which is controlled by the ratio
[NADPH/NADP+], while the nonoxidative part
of the PPS is mainly regulated by the availabil-
ity of D-ribulose 5-phosphate (Sabate et al.,
1995).

In this study, yolk-sac fry from thiamine in-
jected females were considerably higher in thi-
amine than M74 and controls which was
reflected in their higher TK-activities. The thi-
amine immersions caused six and two-fold mean
elevations of the TK-activities in the M74 (2.4
nmol/min per liver) and control (3.6 nmol/min
per liver) groups, respectively. This while only
one TI group displayed increased TK-activities
after immersions indicating an already sufficient
content of thiamine with TK-activities probably
being close to saturation.

The positive response to the thiamine immer-
sions of the healthy developing controls, regard-
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ing the TK and a-KGDH-activities, suggest that
they are affected by a moderate thiamine defi-
ciency (sublethal M74). Whether adult wild Baltic
salmon also have unsaturated activities of thi-
amine-dependent enzymes remains to be seen. The
results from this study give at hand a thiamine
threshold limit interval in yolk-sac fry of 1.3–1.5
nmol thiamine/g for full activity of TK. This is
considerably higher than the previously suggested
thiamine threshold limit intervals (Amcoff et al.,
1998a,b) for development of M74 in yolk-sac fry
denoting a wide range from 0.3–1.3 nmol thi-
amine/g where activities of thiamine-dependent
enzymes may be negatively affected. This is of
great importance when therapeutic treatments of
Baltic salmon with thiamine are used in Swedish
compensatory rearing plants.

The a-KGDH-activities of M74 groups were
around and below the detection limit of the enzy-
matic assay used and responded to the thiamine
bathings with elevated activities being close to
those of the untreated controls. As with the TK-
activity, the a-KGDH-activities were also im-
proved in the controls after thiamine immersions,
however not to the same degree as for TK. Sev-
eral studies have indicated that reductions in a-
KGDH-activity caused by thiamine deficiency are
more readily observed than decreases in activity
of the thiamine-dependent PDH. The a-KGDH

demonstrates decreased activity in presymp-
tomatic animals, while decreases of the PDH-ac-
tivity develop in parallel with, or after,
manifestations of overt symptoms of thiamine
deficiency (Gibson et al., 1984; Butterworth et al.,
1985, 1986).

The ratio [TK/G6PDH], which gives an impres-
sion of the equilibrium level between the oxidative
and the nonoxidative parts of the PPS, was con-
siderably lower in M74 (0.09) and control groups
(0.33) than in the TI groups (0.80). By immersions
in thiamine the ratio was adjusted to levels com-
parable for all groups further indicating that both
M74 and healthy Baltic salmon yolk-sac fry may
suffer from a poorly regulated nonoxidative part
of the PPS.

The lower EROD-activities for M74 yolk-sac
fry obtained in this and in other studies per-
formed indicate a possible link between thiamine
deficiency and the CYP1A system (Amcoff et al.,
1999b; Börjeson et al., 1999; Lundström et al.,
1999a). Low activities of TK may constrain the
intracellular availability of NADPH and R5P,
possibly resulting in reduced CYP1A-activities in
M74 groups. However, there are other sources
e.g. the malate dehydrogenase that may provide
intracellular NADPH for CYP1A (Baldwin and
Reed, 1976). The thiamine antagonist oxythi-
amine has been used as an inhibitor of the nonox-

Table 4
Four family groups of controls (healthy) Baltic salmon (S. salar) yolk-sac fry after thiamine immersionsa

TK a-KGDHThiamine immersionsbGroup [TK/G6PDH]G6PDH EROD
(n=5) (n=5) (n=5)(n=5) (n=5)

Control c1 7297.55.390.54 0.2590.0350.1790.0241.390.11No
40910*5.190.720.2190.054*2.190.58* 0.4190.086*YesControl c1

No 0.8490.22Control c2 0.08290.049 6.990.54 6696.0 0.1290.04
3393.8* 0.6290.074*Control c2 Yes 4.090.53* 0.1890.047* 6.490.41

9393.5 0.5490.05Control c3 No 3.090.16 0.1090.042 5.690.76
0.7590.09*7696.8*Yes 4.890.36Control c3 0.1290.0653.690.35*

No 5.390.63 90914 0.4190.132.290.39Control c4 0.1790.048
Yes 6.190.63Control c4 0.1890.0224.790.33* 0.7790.076*86912

a Hepatic activities (nmol/min per liver) of transketolase (TK), a-ketoglutarate dehydrogenase (a-KGDH), glucose-6-phosphate
dehydrogenase (G6PDH), cytochrome P4501A (EROD; pmol/min per liver) and the ratio [TK/G6PDH] 15 days after hatching at
182 d°C. Figures are means9S.D.; n=5. Groups immersed in thiamine and unimmersed groups were statistically compared by
using Student’s t-test with the significance level 0.95 (* PB0.05).

b Immersed in 2.000 mg thiamine hydrochloride/1.000 yolk-sac fry/l for a period of 2 h at 32 and 124 d°C.



P. Amcoff et al. / Aquatic Toxicology 48 (2000) 391–402400

Table 5
Four family groups of Baltic salmon (S. salar) yolk-sac fry from thiamine injected (TI) females (100 mg thiamine hydrochloride/kg)
after thiamine immersionsa

TKThiamine immersionsbGroup a-KGDH [TK/G6PDH]G6PDH EROD
(n=5) (n=5)(n=5)(n=5)(n=5)

TIc1 (W) 2.990.37No 0.2090.071 3.490.42 2292.3 0.8590.062
TIc1 (W) 3.090.53Yes 0.1590.027 3.990.17 3395.6* 0.7790.16

3.490.22 0.2490.049 4.590.40No 5099.5TIc2 0.7690.12
YesTIc2 3.490.50 0.2090.091 4.590.35 42912 0.7690.12
NoTIc3 3.490.32 0.3390.051 4.190.55 4196.3 0.8390.11

3.590.21 0.2490.069 4.690.26Yes 4392.8TIc3 0.7690.022
NoTIc4 4.090.32 0.2690.068 5.290.53 5698.1 0.7790.065

4.890.23* 0.2590.025 7.290.26* 9993.4*Yes 0.6790.045TIc4

a One female displayed wiggling behavior (W) prior to injection. Hepatic activities (nmol/min per liver) of transketolase (TK),
a-ketoglutarate dehydrogenase (a-KGDH), glucose-6-phosphate dehydrogenase (G6PDH), cytochrome P4501A (EROD; pmol/min
per liver) and the ratio [TK/G6PDH] 15 days after hatching at 182 d°C. Figures are means9S.D.; n=5. Groups immersed in
thiamine and unimmersed groups were statistically compared by using Student’s t-test with the significance level 0.95. (* PB0.05).
Females injected i.p. approx. 3 weeks before maturation with 100 mg thiamine hydrochloride (buffered to pH 6.9 with NaOH) per
kg body weight..

b Immersed in 2.000 mg thiamine hydrochloride/1.000 yolk-sac fry/l for a period of 2 h at 32 and 124 d°C.

idative PPS-synthesis of R5P in cancer therapy
showing that the thiamine status may play a
crucial role in protein synthesis (Boros et al.,
1997).

Thiamine deficiencies affecting young life stages
of fish are not a local Baltic Sea problem since
similar problems are also frequently occurring in
the Laurentian Great Lakes region in North
America where Atlantic salmon (S. salar) suffer
from the Cayuga Syndrome (CS) and several
other salmonid species are affected by the Early
Mortality Syndrome (EMS) (Fisher et al., 1995;
Marcquenski and Brown, 1997). Offspring devel-
oping these syndromes are treatable with thiamine
to gain full survival (Fitzsimons, 1995; Fisher et
al., 1996). Fisher et al. (1996) and Ji and Adelman
(1998) have pointed at that monotonous feeding
on thiaminase-rich alewife (Alosa pseudoharengus)
may be involved in the etiology of CS and EMS.

The findings of this study emphasize the impor-
tance of knowing the nutritional status of fish
material in experimental and monitoring research
when analyzing for hepatic activities of the thi-
amine-dependent enzymes TK and a-KGDH and
the activities of G6PDH and CYP1A. The posi-

tive response of thiamine treatments on activities
of the thiamine-dependent enzymes in controls
indicates that also seemingly healthy developing
Baltic salmon yolk-sac fry that contain moderate
thiamine levels may have restrained TK and a-
KGDH-activities. The results indicate that admin-
istration of thiamine to sea-run ascending female
Baltic salmon by injection may be a more appro-
priate method than bathing to counteract poten-
tial M74 development.
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