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Abstract Seasonal variability in physiological parameters can
be attributed to seasonal variations in environmental factors
and/or to the consequence of the presence of endogenous circan-
nual rhythms. In the current study we have measured plasma
levels of lipids and of the different lipoprotein classes in fasting
trout (Oncorhynchus mykiss) between the ages of 5 and 44 months.
Independent of age and sexual maturity, a circannual variation
in the low density lipoprotein concentration between 250 and
1300 mg/dl was demonstrated in both sexes. These seasonal fluc-
tuations might be controlled by an endogenous biological clock
synchronized by the photoperiod. The lipoprotein profile of
trout is dorminated by high density lipoproteins as early as the
first months of life. Their concentration increases progressively
during sexual maturation from about 1200 mg/dl in juveniles to
about 2500 mg/dl during spermiation or at the moment of ovula-
tion. This increase is highly significantly correlated with the in-
creased concentration of testosterone occurring in both sexes
during sexual maturation. The concentration of very low density
lipoproteins increases substantially, from about 150 mg/dl to a
maximal concentration of 800 mg/dl in females and 1100 mg/dl
in males, during the deposit phase of lipid reserves which pre-
cedes the rapid increase in the gonadosomatic ratio. In the
course of rapid ovarian growth, vitellogenin appears in the
plasma of females and reaches a concentration of 2200 mg/dl
1 month before ovulation. B From these results it is concluded
that season and reproductive cycle are the two main factors
affecting basal plasma lipid and lipoprotein levels in trout. En-
vironmental factors such as photoperiod or endocrine factors
such as the concentration of steroid hormones can be correlated
and/or involved in the regulation of these quantitative varia-
tions. These results also suggest the presence of an endogenous
biological clock able to exert an independent effect on plasma
lipid and lipoprotein levels.—Wallaert, C., and P. J. Babin.
Age-related, sex-related, and seasonal changes of plasma lipo-
protein concentrations in trout. J. Lipid Res. 1994. 35:
1619-1633.
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Circadian and circannual variations of physiological
parameters are believed to be at least partly due to en-
dogenous biological rhythms and have been detected in
humans for several biochemical components, including
plasma lipid and lipoprotein concentrations (see refs. 1 to

5 for reviews). Steady-state plasma lipoprotein levels
reflect a balance between processes facilitating their ac-
cumulation and processes promoting their catabolism. As
multiple factors determine the efficiency of these pro-
cesses, several environmental factors in addition to
dietary factors (see ref. 6 for review) may influence
plasma lipid and lipoprotein levels. The seasonal variabil-
ity observed in humans can probably be partly attributed
to seasonal variations in these environmental factors.
However, the degree and the molecular mechanisms to
which endogenous biological rhythms exert an indepen-
dent effect on variations in lipid and lipoprotein concen-
trations are presently unknown.

Numerous fish species are useful animal models for
studying lipid metabolism and transport. In contrast to
mammals which mobilize carbohydrates, fish preferen-
tially utilize lipids as their main source of energy.
Cholesterol and other lipids are transported in the blood
of fish by different lipoprotein classes, whose basic
molecular organization and role in lipid metabolism are
similar to those described in mammals (see ref. 7 for
review). The different classes of plasma lipoproteins and
their apolipoproteins have been characterized in a
detailed manner in a number of fish species, in particular
in trout (7-12). The use of standards, applied to mammals
and humans in particular, classifies fish as hyperlipidemic
and hyperlipoproteinemic (7). Different factors such as
age, sex, diet, temperature, and sexual maturation may
affect the plasma cholesterol concentration in fish (7, 13).
In trout, this concentration may vary from about 100 to
1000 mg/dl, depending on the studies (7). Broad seasonal
variations of blood cholesterol levels related to sexual

Abbreviations: ANOVA, analysis of variance; apo, apolipoprotein;
BSA, bovine serum albumin; d, density; EDTA, ethylenediamine tetra-
acetic acid; HDL, high density lipoproteins; IDL, intermediate density
lipoprateins; LDL, low density lipoproteins; VLDL, very low density
lipoproteins; SDS, sodium dodecyl sulfate; VTG, vitellogenin.
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maturation have thus been demonstrated in a number of
fish species (7). However, available data on the quantita-
tive variations of lipids and of the different classes of
plasma lipoproteins related to age, season, and to the
reproductive cycle are rare, fragmentary, and occasionally
contradictory. Variations in the concentration of the
different lipoprotein classes linked to the nutritional status
(7, 14) or to the annual reproductive cycle have been
characterized in fish (15-20).

It has been demonstrated for a number of annually
breeding vertebrates that under natural conditions the
annual change in photoperiod continuously entrains an
autonomous endogenous circannual clock, thus ensuring
that maturation and spawning occur at the optimal sea-
son for the survival of the species (see ref. 21 for review).
This endogenous circannual oscillator is present in trout
and can be dissociated from the neuroendocrine mecha-
nisms controlling sexual maturation (22). This demon-
stration prompted us to investigate in detail in a long-
term study the variations of plasma lipid and lipoprotein
levels in male and female trout. This work has enabled us
to dissociate between the ages of 5 and 44 months factors
such as age, season, sex, and reproductive cycle affecting
basal lipoprotein levels and to identify some environmen-
tal and endocrine factors that could be correlated and/or
involved in the regulation of these quantitative variations.
In particular, we provide evidence for a circannual varia-
tion in the low density lipoprotein (LDL) concentration
that could be controlled by an endogenous biclogical
clock synchronized by the photoperiod. We have also
found that the reproductive cycle in both sexes dramati-
cally alters the plasma concentration of very low density
lipoproteins (VLDL) and high density lipoprotein (HDL),
and the appearance of a new lipoprotein, vitellogenin
(VTG), in the plasma of females.

MATERIALS AND METHODS

Animals and diets

Male and female rainbow trout (Oncorhynchus mykiss)
used 1n this study were the offspring of a single male and
female and were exposed to the natural photoperiod and
seasonal variations of water temperature throughout the
44 months of the experiment (Fig. 1). Trout is a poikilo-
thermic vertebrate that remains active at low tempera-
ture. Animals of both sexes were kept together in our
breeding tanks at the University Paris-Sud in Orsay.
Trout age was defined with regard to the fecundation day.
Blood sampling was made from April 1990 to July 1993,
between the ages of 5 and 44 months. Since June 1991,
blood was sampled every 4 weeks on 16 trout randomly
selected in the population. Trout were individualized by
a specific identification of skin spots on the head. Those
19-month-old trout were juvenile and so their sex was in-
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Fig. 1. Circannual changes in the photoperiod (regular line) and water
temperature (irregular line) from the moment of fertilization until the
end of the experiment.

determinable. In trout, a great percentage of males and a
low percentage of females are sexually precocious at
2 years. The whole of the population is sexually mature
at 3 years. Among the 16 trout, there were 9 males includ-
ing 5 precocious males and 7 females including 1 preco-
cious. Three trout died during the experiment.

The animals were given free access to a standard gran-
ule diet (Aqualim, Nersac, France) daily until they
reached a body weight of 10 g. Then they were given free
access to food three times a week (Monday, Wednesday;,
and Friday). According to the manufacturer, the diet
composition was (percentage by weight), protein 45%, fat
11%, nonextractible nitrogenous 21%, ash 11%, fiber 2%,
humidity 10%. The diet composition was held constant
regardless of the water temperature at which the animals
were raised. Trout were weighed at each sampling.
Growth is continuous in fish and the body weight gain of
our male and female trout was regular until 36 months.
Then a dimorphism occurred between both sexes due to
the low weight gain of males during spermiation (data not
shown).

The absence of complete natural reproductive behavior
in breeding conditions results in femnales retaining ova in
the general body cavity after ovulation. The absence of
spermatozoa release in males was also observed. The ova
and spermatozoa can be expelled from the fish by gentle
stripping. During the annual reproductive cycle, the
presence of spermiating males or ovulating females was
verified at each sampling. In such cases, ova present in the
body cavity or spermatozoa that could be released from
the testicles were evacuated by stripping. In females,
stripping was done to avoid the intensive yolk resorption
after massive intraovarian follicular atresia of non-
ovulated oocytes. Follicular atresia results in the appear-
ance of egg yolk proteins combined with HDL in the
plasma (11).
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Blood samples

In trout, the absorption peak of dietary lipids shown by
the postprandial variations in the triacylglycerol concen-
tration occurred later at low than at high temperature and
may be offset by as much as several tens of hours, e.g.,
48 h at 6°C vs. 10 h at 22°C (23). The triacylglycerol con-
centration and thus the plasma concentration of triacyl-
glycerol-rich lipoproteins in all cases return to basal level
4 days after feeding, regardless of the acclimatization tem-
perature of the animals (23). Trout were anesthetized with
ethyleneglycol monophenyl ether (0.3 ml/1). Blood was
drawn after a 7-day fast over ethylenediamine tetraacetic
acid (EDTA) and NaN; (3 and 0.15 mg/ml blood, respec-
tively, dissolved in 0.15 M NaCl, final pH = 7.4) by
cardiac puncture with a fine catheter (diameter 0.58 mm)
and kept at 4°C throughout the procedure. Plasma was
obtained by centrifugation (3,000 g 10 min). The esti-
mated whole body blood volume of trout is 4-4.5 ml per
100 g weight (24, 25). In these experiments, the volume
of blood collected at each point was less than 10% of the
total body volume. The fish were sampled at the same
time of the day (10-12 AM) to avoid interference by circa-
dian rhythms in the measured parameters.

Plasma was frozen at —80°C for subsequent chemical
analysis or stored up to 48 h at 4°C for lipoprotein frac-
tionation. Frozen storage of trout plasma is unsuitable for
subsequent quantitation of lipoprotein classes as sepa-
rated by density gradient ultracentrifugation (26). Lipo-
proteins of intermediate density between HDL and
LDL appeared after freeze-thawing. This is related
to the very high concentration of HDL in trout plasma
and to their aggregation after frozen storage.

Lipoprotein fractionation and analysis

Fractionation of whole plasma lipoprotein classes and
proteins was carried out by a refinement of a density gra-
dient ultracentrifugation procedure previously described
(12). Discontinuous six-step density gradients were pre-
pared with NaBr solutions, containing 0.05% EDTA (pH
7.4). Successive densities were (from top to bottom of
tube): 1.006 g/ml (1.1 ml); 1.019 g/ml (2.5 ml); 1.063 g/ml
(3.5 ml); 1.210 g/ml) (2.5 ml); 1.310 g/ml (0.85 ml of
plasma at 1.310 g/ml, adjusted to this density with solid
NaBr, and completed with a 1.310 g/ml NaBr solution to
give a final volume of 1 ml) and 1.386 g/ml (0.8 ml). Six
percent of the plasma volume is assumed to consist of
macromolecules, and the remaining 94 % is equivalent to
a salt solution of density 1.015 g/ml. Instead of the ad-
justed plasma sample, control gradients were prepared
using an NaBr solution of density 1.015 g/ml adjusted to
1.310 g/ml with solid NaBr. The gradients were then
placed in a Beckman (Palo Alto, CA) SW 41-Ti swinging
bucket rotor (average radius 110.2 mm) and centrifuged at

40,000 rpm for 28 h at 10°C in a Beckman L8-70
ultracentrifuge, without braking at the end of the run.
The centrifuge tube containing the separated lipo-
proteins was punctured at the bottom and connected to
the fractionation system filled with a 1.386 g/ml NaBr so-
lution. The protein and lipoprotein profile was recorded
by continuously monitoring absorbance at 280 nm with a
UV monitor (LKB 2238 Uvicord SII, LKB, Bromma,
Sweden) as the lipoproteins were pumped from the cen-
trifuge tube (collection speed 0.6 ml/min, chart speed
10 mm/min). One arbitrary unit of absorbance was taken
as the optical density of a 1 mg/ml solution of bovine se-
rum albumin (BSA; Cohn fraction V, Sigma Chemical
Co., St. Louis, MO). At the end of the fractionation, dis-
tilled water was carefully deposited onto the upper layer
of the tube until VLDL was completely eluted. Fractions
were collected with a fraction collector. Quantitative
lipoprotein profiles were determined based on total lipo-
protein concentration and the volume of the combined
tube fractions (60 fractions, mean volume 300 ul). The
lipoprotein concentration was expressed as lipoprotein-
cholesterol or was calculated from the expression: total
lipoproteins = cholesteryl esters + free cholesterol + tri-
acylglycerol + phospholipids + proteins. The lipoprotein
concentrations obtained in each density gradient fraction
were summed between the density intervals defining the
different classes of lipoproteins in trout (11, 12, 14). Den-
sity regions used were d 1.210-1.310 g/ml for VTG (sub-
fractions 10 to 17), d 1.085-1.210 g/ml for HDL (subfrac-
tions 18 to 28), d 1.015-1.085 g/ml for LDL (intermediate
density lipoproteins (IDL) + LDL, subfractions 29 to
43), d < 1.015 g/ml for VLDL (subfractions 44 to 60).
VTG is a very high density lipoprotein specifically present
in females during vitellogenesis, i.e., the accumulation of
vitelline reserves in growing oocytes (27), and contains
2% cholesterol in trout (28). VTG-cholesterol and VTG
concentrations were determined by subtracting at each
blood sampling the mean of total cholesterol or of lipids
and proteins present in the density interval 1.210-
1.310 g/ml in males from the values recorded in each fe-
male in the same density interval. Lipoprotein concentra-
tions were expressed as milligrams lipoprotein total
cholesterol or milligrams lipoprotein per deciliter of
plasma after correction for the dilution introduced by the
anticoagulant. The lipoprotein concentrations in each
plasma were normalized after correction for the recovery
of plasma lipids or proteins in the density gradient frac-
tions relative to whole plasma. The mean percent recover-
ies after the entire density gradient fractionation pro-
cedure were: 92.09 + 0.95% for total cholesterol, 88.61 +
117% for free cholesterol, 90.28 + 1.32% for cholesteryl
esters, 88.58 + 1.45% for triacylglycerol, 90.5 + 1.33%
for phospholipids, and 89.63 + 1.14% for proteins
(n = 31). The analytical precision of the density gradient
quantitation method was determined from blind dupli-
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cate pairs of plasma samples and was defined as the mean
absolute difference between duplicates divided by the
mean of the duplicates times 100 (seven duplicate pairs
analyzed). The precision values for lipoprotein-cholesterol
concentrations were: total cholesterol 0.83%, VLDL-
cholesterol 13.41%, LLDL-cholesterol 4.47%, HDL-choles-
terol 2.36%.

The apolipoprotein compositions of the major classes of
trout lipoproteins and the similarities of trout apolipo-
proteins with their human counterpart have recently been
described (7, 11, 12, 29-31). Apolipoproteins were elec-
trophoresed under reducing conditions in sodium dodecyl
sulfate (SDS)/glycerol/polyacrylamide slab gels using a
linear gradient of 3.5-15% polyacrylamide and 8-12%
glycerol (11). The relative molecular mass (M,) values of
trout apolipoproteins were determined as previously de-
scribed (11) by comparison with simultaneously run pro-
teins of known M, (MW-SDS-70L. and MW-SDS-200
molecular weigh marker kits from Sigma Chemical Co.).
Gels were subsequently fixed and stained using a highly
sensitive Coomassie Blue G-250 procedure (32).

Chemical analysis of plasma lipids and lipoproteins

The lipid compositions of plasma and of the lipoprotein
fractions were evaluated by microassay (33) using com-
mercially available enzymatic kits from Boehringer
Mannheim (Meylan, France) for total cholesterol and free
cholesterol and from Wako-Unipath (Dardilly, France) for
triacylglycerol and phospholipids. Density gradient frac-
tions (100 ul) or plasma (5 pl) were pipetted in duplicate
into wells of microplates (Nunc Polysorp) and mixed,
respectively, with 100 or 200 ul of either enzymatic lipid
reagent. The microplates were incubated at room temper-
ature for 20 min and absorbances were read at 492 nm in
a Tittertek Multiscan Plus microplate reader (Lab-
systems, Helsinski, Finland). The enzymatic method used
to assay triacylglycerol was, in fact, the assay of total
glycerol (triacylglycerol glycerol + free glycerol) in the
sample. The free glycerol mean concentration in trout
plasma accounts for about 6% of total plasma glycerol
(23). Triacylglycerol glycerol concentration in plasma was
corrected with this free glycerol mean concentration. The
amount of cholesteryl esters was calculated using the for-
mula: cholesteryl esters = 1.7 x (total cholesterol — free
cholesterol). The plasma cholesteryl esters and triacyl-
glycerol concentrations were calculated by using 288 as
the average molecular weight of the trout plasma fatty
acids (14). The protein concentrations were determined in
duplicate with a modified Lowry assay (34) adapted to
microplates, using BSA as a standard. The microassay
has an intra-assay coefficient of variation of 1.49% for
total cholesterol, 1.6% for free cholesterol, 1.76% for tri-
acylglycerol, 1.45% for phospholipids, and 1.3% for pro-
teins, while the inter-assay coefficient of variation was
3.81% for total cholesterol, 3.5% for free cholesterol,
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4.14% for triacylglycerol, 1.92% for phospholipids, and
4.39% for proteins. The concentrations of the different
plasma parameters are expressed as milligrams per deci-
liter of plasma after correction for the dilution introduced
by the anticoagulant.

Hormone assay

The levels of plasma 173-estradiol and testosterone were
measured by radioimmunoassay (RIA Kit, BioMerieux,
Marcy-I'Etoile, France) as previously described (35). The
anti-178-estradiol used had a 10% cross-reaction (B/B,, =
0.5) with 6-ox0-1783-estradiol, 1% with estrone, and 0.8%
with 17-estradiol. The anti-testosterone used had a 48%
cross-reaction with Sa-dihydrotestosterone, 7.5% with
58-dihydrotestosterone, and 2.6% with 5a-androstane-
3,17 diol.

Statistical analysis

Data are presented as means + SEM and were tested
for statistical significance by analysis of variance (ANOVA)
followed by an evaluation employing the Tukey-Kramer's
multiple range test. Data were analyzed separately for the
three groups of animals studied, precocious males, males,
and females. Results were evaluated with the Statistical
Analysis System (SAS) computer programs (36). The P
value chosen for statistical significance was 0.05. For
linear regression analysis, a logarithmic transformation
was performed for variables (ie., 178-estradiol and
testosterone) that were not normally distributed.

RESULTS

Variations in plasma lipid concentrations

The concentration of plasma lipid parameters deter-
mined after a 7-day fast was modified under the effect of
aging, season, and reproductive cycle. Total plasma cho-
lesterol was significantly increased (£ < 0.0001) from
184.1 + 10.5 mg/dl at 5 months of age to 534.2 + 62.1 mg/
dl in males and to 474.8 + 38.9 mg/d]l in females at
43 months of age (Fig. 2). This was related to a concomi-
tant increase (P < 0.0001) of cholesteryl esters from
192.1 + 9.4 mg/dl to 573.5 + 47.4 mg/dl in males and to
482.5 + 79.1 mg/dl in females and of free cholesterol
(P < 0.0001) from 66.5 + 3.1 mg/dl to 197.8 + 11.2 mg/d]
in males and to 175.4 + 19.3 mg/d! in females. The per-
centage of esterified cholesterol in the plasma relative to
total cholesterol was maintained around 65% (Fig. 2) in
both sexes, except for females during the 2 months
preceding ovulation, which occurred in November at the
age of 36 months. For example, this percentage was sig-
nificantly different between males and fermales in Septem-
ber (63 + 1.2% vs. 49.8 + 2.5%, P < 0.005). Similarly,
the triacylglycerol concentration was significantly in-
creased (P < 0.001) from 170.3 + 156 mg/ml at
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Fig. 2. Variations in plasma cholesterol concentrations (circle) and
percentage of esterified cholesterol in the plasma relative to total
cholesterol (square) related to age, season, and to the reproductive cycle
in trout. The animals used were obtained from two identical progenitors
and up to the age of 17 months they were not separated and their sex
could not be determined. Starting at 19 montbs, trout were individual-
ized and their sex could subsequently be determined after sexual matu-
ration. The values are means + SEM (SEM within data points are not
shown) for trout of both sexes (€, M) (n = 12), for male trout (O, )
(n = 8 or 9) and for females (@, B) (n = 5 to 7). The hatched rectangle
indicates the period of spermiation and the arrow indicates the moment
of ovulation.

5 months to 346.3 + 29.1 mg/dl in males and to
377.3 + 44.6 mg/dl in females at 43 months. The phos-
pholipid concentration significantly increased
(P < 0.001) from 4425 + 22 mg/dl at 5 months to
892.6 + 37.8 mg/dl in males and to 967.3 + 127.4 mg/dl
in females at 43 months.

During the first female reproductive cycle, between the
ages of 24 and 36 months, total plasma cholesterol in-
creased from 172.6 + 15.1 mg/dl in November to 416.6 +
36.1 mg/dl in July (P < 0.001) and then decreased to
263.9 + 28.2 mg/dl in September (Fig. 2). At the end of
the annual reproductive cycle, the total cholesterol con-
centration observed during ovulation in November was
higher (324.8 + 32.8 mg/dl) than the mean observed in
the previous November. This may be due to a progressive
increase in the total plasma cholesterol concentration with
age. During sexual maturity of males, similar variations
of total plasma cholesterol concentrations were observed.
ANOVA applied to the data collected during the experi-
ment revealed no significant differences in total choles-
terol concentrations between precocious males and males.
During the reproductive cycle of males, between the age
of 29 to 39 months, total plasma cholesterol increased
significantly (P < 0.001) from 325.7 + 23.4 mg/dl in
April to 512.9 + 43 mg/dl in July and then decreased to

354.2 + 26.5 mg/d]l in September. The total cholesterol
concentration then remained relatively stable until Febru-
ary, including the period of spermiation. After spermia-
tion or ovulation, total cholesterol increased during the
first part of the next reproductive cycle, as described for
the first reproductive cycle.

Correlations between plasma lipid concentrations were
tested by linear regression analysis. As no significant
differences were observed between sexes, the calculations
are based on the mean values for both sexes at each time
point of the experiment. A very significant positive corre-
lation was found among the concentrations of all plasma
lipids, free cholesterol, cholesteryl esters, triacylglycerol,
and phospholipids (r > 0.60, P < 0.0001, n = 50). The
most highly correlated plasma lipid concentrations in fast-
ing trout were free cholesterol versus cholesteryl esters
(r = 0.854, P < 0.0001) and free cholesterol versus tri-
acylglycerol (r = 0.823, P < 0.0001).

Variations in plasma lipoprotein concentrations

The efficiency of the separation of the different trout
lipoprotein classes obtained by our standardized frac-
tionation procedure is illustrated in Fig. 3 by a represen-
tative pattern obtained upon electrophoresis of the pro-
tein moieties of lipoprotein subfractions. As pointed out
previously (8-12), a density of 1.085 g/ml is adequate as
a cutoff between the trout LDL and HDL. There are two
major apolipoproteins of M, 25,000 (apoA-I) and 13,000
(apoA-II) in HDL and the existence of a predominant
type of M, 240,000 apoB together with an apolipoprotein
of M, 76,000 and trace amount of apoA-I in LDL.

Complete lipoprotein profiles were obtained by simul-
taneously fractionating 10 pl of plasma of 5-month-old
trout (mean body weight 2.38 + 0.77 g (+SD)) or
18-month-old trout from another cohort (mean body
weight 248 + 42 g) by density gradient ultracentrifuga-
tion. After a 4-day fast, the relative percentage of each
lipoprotein class, determined by integrating peak surface
areas of absorbance profiles at 280 nm (not corrected for
the different chromogenicities of the different lipoprotein
fractions), was similar for 5- and 18-month-old trout,
48.64% versus 50.88% for HDL, 38.15% versus 36.45%
for LDL, and 13.21% versus 12.67% for VLDL. Relative
weight percentages of the lipoprotein fractions presented
in Table 1 revealed the predominance of HDL in the
lipoprotein profile. For example, HDL account for 77.4%
and 74.4% of total lipoproteins in 25-month-old juvenile
males and females, respectively. This predominance of
HDL for the four trout subpopulations, precocious and
nonprecocious males and females, is well illustrated in the
profiles of Fig. 4.

The observed changes in plasma concentrations of the
different lipids previously described with age, season, and
reproductive cycle revealed changes in plasma lipoprotein
concentrations. Starting at the age of 1 year in sexually
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lipoprotein subfractions isolated by gradient density ultracentrifugation. Whole trout plasma lipoprotein classes and
proteins were fractionated in 60 successive subfractions as a function of density (see Methods). Using this procedure,
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hand side of the figure, the relative molecular weights (M, x 1073) of reference protein markers are indicated; at
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TABLE 1. Age-related, sex-related, and seasonal changes in the concentrations and mean weight percent of plasma lipoprotein classes in trout

VTG HDL LDL VLDL LLP

Group” Sex mg/dl wt% mg/dl wt % mg/dl wt% mg/dl wt% mg/dl
A M 1363 + 103 77.4 260 + 56 14.8 137 + 4 7.8 1760 + 130
F n.d. 1213 + 118 74.4 311 + 63 19.0 107 + 35 6.6 1631 + 216
B M 1973 + 34 54.2 510 + 104 14.0 1158 + 136/ 31.8 3640 + 57°
F 1271 + 131 28.4 2086 + 105 46.6 332 + 69 7.4 788 + 57° 17.6 4477 + 88¢
G M 2497 + 264" 81.4 375 + 99 12.2 197 + 43 6.4 3069 + 350
F 1188 + 175 28.6 2357 + 236 56.8 393 + 163 9.5 211 + 26 5.1 4149 + 190°
D M 2154 + 297 74.6 534 + 138 18.5 200 + 40 6.9 2888 + 454
F n.d. 1591 + 210 49.0 1066 + 186" 32.9 586 + 107" 18.1 3243 + 296"
E M 1423 + 49 43.9 1229 + 79 37.9 589 + 51° 18.2 3241 + 168’
F 149 + 9 3.8 1713 + 128 44.1 1472 + 105" 37.9 552 + 4" 3886 + 214

14.2

Values are means + SEM for four males (M) and three females (F). These animals were sexually nonprecocious and entered into spermiation
or into ovulation at the age of 3 years. Fractionation of whole plasma lipoprotein classes and proteins was carried out by a density gradient ultra-
centrifugation procedure. The lipoprotein concentrations obtained in each density gradient fraction were summed between the density intervals defining
the different classes of lipoproteins in trout. Density regions used were d < 1.015 g/ml for VLDL; d 1.015-1.085 g/ml for LDL = IDL + LDL;
d 1.085-1.210 g/ml for HDL; d 1.210-1.310 g/ml for VTG. The concentrations were calculated as follows: total lipoproteins = cholesteryl esters + free
cholesterol + triacylglycerol + phospholipids + proteins. For the calculation of VTG concentration, see Materials and Methods. The lipoprotein
concentration was expressed in milligram lipoprotein per deciliter of plasma. For each group, male or female, and for each lipoprotein class, data
were tested for statistical significance by ANOVA, followed by an evaluation using the Tukey-Kramer’s multiple range test; n.d., not detectable by

the quantitation method.

“A: 25 months old, December; B: 32 months old, July, for males and 33 months old, August, for females; C: 36 months old, November, for females
and 37 months old, December, for males; D: 39 months old, February; E: 42 months old, May.
I’Signiﬁcant difference from the value observed for the same sex at 25 months old, P < 0.05.
‘Significant difference from the value observed for the same sex at 25 months old, P < 0.01.
"Signiﬁcant difference from the value observed for the same sex at 25 months old, P < 0.005.
‘Significant difference from the value observed for the same sex at 25 months old, P < 0.001.

/Significant difference from the value observed for the same sex at 25 months old, P < 0.0001.
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Fig. 4. Effects of age, sex, and season on plasma lipoprotein profile in trout. Ultracentrifugal single-spin absorbance profiles of plasma were obtained
from the same sexually precocious male, male, precocious female, or female at different ages and seasons. A, 25 months old, December; B, 32 months
old, July, for males and 33 months old, August, for females; C, 36 months old, November, for females and 37 months old, December, for males; D,
39 months old, February; E, 42 months old, May. Abscissa is the density of successive fractions from bottom of tube. One arbitrary unit of absorbance
is the optical density of a 1 mg/ml solution of bovine serum albumin. VLDL, very low density lipoproteins; LDL, low density lipoproteins; HDL,
high density lipoproteins; VTG, vitellogenin; P, plasma proteins. See Table 1 for data about the lipoprotein concentrations of sexually nonprecocious

animals.

precocious animals and at 2 years in the other animals,
changes in lipoprotein metabolism related to the repro-
ductive cycle were superimposed on those due to aging or
to the season. The HDL-cholesterol concentration in-
creased progressively during sexual maturation in both
males and females, reaching considerable values during
spermiation and at the moment of ovulation (Fig. 5 and
Table 1). A progressive decrease in the HDL-cholesterol
concentration was then observed, reaching concentrations
comparable to those observed in juvenile trout. During
the first reproductive cycle in precocious males, the HDL-
cholesterol concentration increased progressively starting
in June at the age of 19 months until the onset of spermia-
tion in December at the age of 25 months (127.4 + 10.5 mg

cholesterol/dl vs. 217.1 + 17.6 mg cholesterol/dl). This
concentration again increased during the second repro-
ductive cycle reaching a maximum during spermiation in
December at the age of 37 months (356.1 + 44.6 mg
cholesterol/dl, P < 0.0001). The HDL-cholesterol con-
centration then decreased, reaching a minimum after
spermiation in the month of April at the age of 41 months
(181.6 + 25.3 mg cholestercl/dl). In males and females
starting their first reproductive cycle at the age of 2 years,
the HDL-cholesterol concentration remained stable until
the age of 25 months (Fig. 5) and then increased progres-
sively, reaching a maximum in males at the moment of
spermiation in December, at the age of 37 months
(134 + 28.9 mg cholesterol/dl vs. 368.5 + 38.8 mg cho-
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Fig. 5. Changes in the concentration of the different plasma lipoprotein classes related, to age, season, and to the reproductive cycle in trout. Every
4 weeks blood was sampled from the same group of individualized trout from the age of 19 months in June 1991 until the age of 44 months in July
1993. Three groups of animals were distinguished according to sex and the age of the first sexual maturation. The first group (precocious male) was
composed of precocious males who entered into spermiation at the age of 2 years. The second group (male) was composed of males who entered into
spermiation at the age of 3 years. The third group (female) was composed of females ovulating at the age of 3 years. The hatched rectangle indicates
the period of spermiation and the arrow indicates the moment of ovulation. Fractionation of whole plasma lipoprotein classes and proteins was carried
out by a density gradient ultracentrifugation procedure. The lipoprotein concentrations obtained in each density gradient fraction were summed be-
tween the density intervals defining the different classes of lipoproteins in trout. Density regions used were d < 1.015 g/ml for very low density
lipoproteins (VLDL); d 1.015-1.085 g/ml for low density lipoproteins (LDL) = intermediate density lipoproteins + LDL; d 1.085-1.210 g/ml] for high
density lipoproteins (HDL); d 1.210-1.310 g/ml for vitellogenin (VTG). The lipoprotein concentration was expressed in milligram lipoprotein-
cholesterol per deciliter of plasma. Values are means + SEM for four precocious males, four males, and five females (SEM within data points are
not shown). Data were tested for statistical significance by ANOVA followed by an evaluation using the Tukey-Kramer’s multiple range test. For HDL,
VLDL, and VTG, the significance of the differences between the first mean observed at 19 months old (first point from the left) and those observed
subsequently is indicated. For LDL, the significance of the differences between the mean observed at 25 months old (the seventh point from the left)
and the others is indicated; P < 0.05; "P < 0.01; ‘P < 0.005; ‘P < 0.001; ‘P < 0.0001.
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lesterol/dl, P < 0.0001). The maximum was reached in
females at the moment of ovulation in November, at the
age of 36 months (124.2 + 37.9 mg cholesterol/dl vs.
2951 + 15.8 mg cholesterol/dl, P < 0.0001). These con-
centrations then decreased as in precocious males, reach-
ing a minimum in March at the age of 40 months in males
(193.4 + 24.4 mg cholesterol/dl) and in January in fe-
males at the age of 38 months, (159.5 + 18.3 mg choles-
terol/dl). The HDL concentration thus practically doubled
between the juvenile stage at the age of 25 months and the
ovulation of females at the age of 36 months or full sper-
miation of males at the age of 37 months. The HDL con-
centration obtained is about 2500 mg/dl plasma (Table 1).
This increase in the HDL concentration related to sexual
maturation was confirmed by comparing the lipoprotein
profiles shown in Fig. 4A and 4C.

The study of the plasma LIDL-cholesterol concentra-
tion between June 1991 and July 1993 indicated a circan-
nual variation of this concentration in precocious males,
males and females (Fig. 5). These seasonal fluctuations of
the LDL-cholesterol concentration were independent of
animal age or their stage of sexual maturity. This circan-
nual change in the LDL-cholesterol concentration was
similar in precocious males and males. In both types of
males, minimal concentrations were observed in Decem-
ber or January and maximal concentrations from May to
July. For example, in males, between December at the age
of 25 months and May at the age of 30 months, the LDL-
cholesterol concentration is increased by a factor of 6.6
(32 + 16.6 mg cholesterol/dl vs. 210.3 + 19 mg choles-
terol/dl, P < 0.0001). Minimal concentrations in females
were observed in October and maximal concentrations in
April. For example, between October at the age of 23
months and April at the age of 29 months, the LDL-
cholesterol concentration in females increased by a factor
of 8.4 (21 + 5.2 mg cholesterol/d]l vs. 175.9 + 35.5 mg cho-
lesterol/dl, P < 0.0001). A progressive increase in the max-
imal value of the LDL-cholesterol concentration obtained at
each annual cycle occurred. For example, in precocious
males the value obtained in July at the age of 20 months
(107.6 + 11.5 mg cholesterol/dl) was lower than the value
observed in May at the age of 30 months (182.3 + 17.7 mg
cholesterol/dl) and that observed in June at the age of
43 months (229.6 + 39.2 mg cholesterol/dl). The compar-
ison of lipoprotein profiles between November and May
in females, between 36 and 42 months of age, or between
December and May in males between 37 and 42 months
of age, enables the appearance of a highly pronounced
LDL peak to be seen in May, while it was very low during
the preceding winter (Fig. 4C and 4E). These considera-
ble seasonal fluctuations of the plasma LDL concentra-
tion were confirmed by the quantitative values presented
in Table 1.

The VLDL-cholesterol concentration after 7 days of
fasting in precocious males, males and females remained

relatively constant around the mean value of 11.4 1
0.94 mg cholesterol/d]l between the ages of 19 months in
June and 29 months in April (Fig. 5). The concentration
in April was 19.7 + 5.4 mg cholesterol/d] in precocious
males, 13.9 + 0.8 mg cholesterol/dl in males, and
13.6 + 2.8 mg cholesterol/dl in females. Starting at this
time, the VLDL-cholesterol concentration increased con-
siderably, reaching a maximum value in July in preco-
cious males (192.3 + 29.9 mg cholesterol/di, £ < 0.0001)
and in males (240.9 + 11.8 mg cholesterol/dl, P < 0.0001)
and in August in females (178.9 + 16.1 mg cholesterol/dl,
P < 0.0001). The comparison of the lipoprotein profiles
of Fig. 4A and 4B illustrates the considerable increase in
the VLDL concentration related to the reproductive cycle
in both sexes. The VLDL-cholesterol concentration again
became minimal in precocious males and males at the on-
set of spermiation in October and at the moment of ovula-
tion in females in November. The VLDL-cholesterol con-
centration was very high in precocious males during the
7 months separating the two spermiations and in males
during the 4 months preceding the spermiation. It re-
mained low throughout spermiation and up to the month
of April, when the trout were 41 months old. Starting at
this time, there was a highly significant increase in the
plasma concentration VLDL-cholesterol in precocious
males and in males, identical to that observed during the
previous annual reproductive cycle. In females, the
VLDL-cholesterol concentration increased rapidly after
ovulation from November to January (12.9 + 3.7 mg
cholesterol/dl vs. 117.5 + 23.9 mg cholesterol/dl, P <
0.0001). The VLDL-cholesterol concentration then de-
creased progressively until April and increased again as
during the preceding annual reproductive cycle. During
the reproductive cycle, the VLDL concentration in-
creased by a factor of 8.4 between the age of 25 months
in December and 32 months in July in males, and by a
factor of 7.3 between the age of 25 months in December
and 33 months in August in females (Table 1). The in-
creased concentration of VLDL-cholesterol after the ovu-
lation of females in November, which did not occur in
spermiating males, resulted in a significant difference in
the concentration of this lipoprotein class between the two
sexes (200 + 40 mg/dl in males vs. 586 + 107 mg/d] for
females, P < 0.05) (Table 1). This difference in the
plasma VLDL levels between the two sexes is clearly illus-
trated by the comparison of lipoprotein profiles in Fig. 4D.

The presence of an additional peak in the lipoprotein
profile in the density interval 1.210-1.310 g/ml character-
izes the presence of VTG in the plasma of fernales during
vitellogenesis (Fig. 4). The VTG-cholesterol concentra-
tion increased abruptly in July at the age of 32 months
reaching a maximum in October at the age of 35 months
(3.5 £ 1.8 mg cholesterol/dl vs. 24.4 + 5.9 mg choles-
terol/dl, P < 0.0001) (Fig. 5). At that time, the VTG con-
centration obtained was 2235 + 482 mg/dl and was ob-
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served 1 month before ovulation and 2 months after the
maximum in the VLDL concentration. The plasma
VTG-cholesterol concentration became very low in Janu-
ary at the age of 38 months, then increased again during
the following reproductive cycle, starting in July, when the
animals were 44 months old. During the reproductive
cycle of females, the concentrations of VLDL, LDL, and
HDL were minimal when the VTG concentration was
maximal (Fig. 5).

The circannual variations of the LDL concentration or
the changes in the concentration of other lipoprotein
classes, VLDL, HDL, and VTG related to the annual
reproductive cycle caused variations in the percentage of
each lipoprotein class compared to total circulafing lipo-
protein concentration. This-led to a significant increase in
the lipoproteinemia starting at the age of 25 months

(Table 1).

178-Estradiol (ng/ml plasma)

Testosterone {ng/ml plasma)

J AODF AJADDFRAU

Calendar Month

rrrrrrrrrrrrrrrr Tt

19 21 2325 2729 31 33 35 37 39 41 43
Age (months)

Fig. 6. Changes in plasma 173-estradiol (A) and testosterone (B) levels
in trout between the ages of 19 and 44 months. Data are presented as
means + SEM for four females (@) and four males (O). SEM or values
too small for scale are not shown. Hatched rectangle indicates the
spermiation period for males and the arrow indicates the time of ovula-
tion for females. For each group, the data were tested for statistical
significance by ANOVA followed by an evaluation using the Tukey-
Kramer’s multiple range test. The significance of the differences between
the first mean observed at 19 months old (first point from the left) and
those observed subsequently is indicated; “P < 0.01; tp < 0.0001.
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TABLE 2. Correlation coefficients between plasma LDL-cholesterol
concentration (mg/dl) and photoperiod (number of light hours per
day) or water temperature (°C) in trout

L.DL LDL Photoperiad
VS, VS, VS,
Trout Photoperiod” Temperature Temperature
0.839"
Precocious males 0.722" 0.402
Males' 0.750" 0.356
Females 0.126 -0.253

“Linear regression analysis was performed for each group on 21 means
determined every 4 weeks from December 1991 to July 1993.

*The slope was significantly different than zero at P < 0.0001 (two-
tailed).

‘The following regression equation was obtained: LDL-cholesterol
(mg/dl) = 155.6 x number of light hours per day - 721.8.

Variations in plasma 173-estradiol and testosterone
concentrations

Changes in the plasma concentration of 178-estradiol
and testosterone in both males and females are shown in
Fig. 6 between the ages of 19 and 44 months. The 1783-
estradiol concentration remained very low throughout
growth and during the annual reproductive cycle in
males, with a mean concentration about 37 + 7 pg/ml
The 178-estradiol concentration increased considerably
during the reproductive cycle in females, starting in June
at the age of 31 months (3.71 + 0.66 ng/ml) and reaching
a maximum in September at the age of 34 months
(50.83 + 8.34 ng/ml, P < 0.0001) ie., about 2 months
before the time of ovulation. The testosterone concentra-
tion increased very significantly in males throughout sper-
miation and reached the maximum in October at the age
of 35 months (113.67 + 22.85 ng/ml, P < 0.0001). This
concentration then decreased progressively and became
low after spermiation. The testosterone concentration in
femnales increased significantly at the end of vitellogenesis
and reached the highest value at the moment of ovulation
(265.82 + 84.97 ng/ml, P < 0.0001). This value is higher
than the maximal concentration observed in males during
spermiation.

Correlation between lipoprotein concentrations,
photoperiod, and plasma steroid levels

Seasonal fluctuations in the LDL concentration were high-
ly correlated with changes in the photoperiod in precocious
males and males but not in females (Table 2). However,
these fluctuations were not significantly correlated with
changes in water temperature, in spite of the high correla-
tion existing between the photoperiod and water tempera-
ture (Fig. 1 and Table 2). Regression analysis showed the
existence of a highly significant correlation between the
HDL-cholesterol concentration and the logarithm of the

2102 ‘8T aunr uo ‘1sanb Aq 610 4| mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

HOL-Cholesterol (mg/dl plasma)

testosterone concentration in males (Fig. 7) and in fe-
males (r = 0.579, P < 0.002). A significant correlation
was also observed in females between the VTG-cholesterol
concentration and the logarithm of the 1783-estradiol con-
centration (r = 0.477, P < 0.03).

DISCUSSION

The concentration of circulating lipoproteins is under
the complex control of genetic and environmental factors.
Numerous studies in mammals (see ref. 37 for review),
and also in birds (38, 39), have shown that there are varia-
tions in the concentration of the different plasma lipo-
protein classes during development or growth. Large,
spontaneous seasonal lipid and lipoprotein changes have
been documented in certain mammals such as the badger
or the hedgehog, whose -physiological status and endo-
crine activity undergo seasonal variations (40, 41). A
large number of studies in humans have also shown that
seasonal variations in plasma lipid and lipoprotein con-
centrations exist but their origin is poorly defined (1, 3-5).
Trout may represent a good alternative model in order to
discriminate between intrinsic and.environmental factors
contributing to the quantitative variations of the different
lipoprotein classes in a vertebrate species. The nature and
the organization of the plasma lipid transport system in
trout resemble that of mammals (see ref. 7 for review).
Large seasonal quantitative variations of lipids and lipo-
proteins may be suspected from data available before the
present work and unlike in mammals it is possible to
minimize genetic variability by obtaining several hundred
offspring of a single male and female trout.

100+ r =0.882
1 P < 0.0001
0 T T ™
A 1 10 100

Testosterone (ng/ml plasma)

Fig. 7. Correlation between the plasma HDL-cholesterol concentra-
tion and the logarithm of the plasma testosterone concentration in male
trout. Linear regression analysis was performed on 27 means deter-
mined every 4 weeks between the ages of 19 and 44 months. The follow-
ing regression equation was obtained: HDL-cholesterol (mg/dl) = 76.6
log testosterone (ng/ml) + 179.4.

This report demonstrates a circannual variation in the
LDL concentration in trout plasma. Minimal LDL con-
centrations of the order of 250 mg/dl were observed in
October in females and in December or January in males.
Maximal values of the order of 1300 mg/dl were reached
during the month of April in females and in May to July
in males. Our results also show that the annual LDL cycle
exists independently of the variations in the concentration
of the different lipoprotein. classes observed during the
reproductive cycle. This is supported by the similarity of
the rhythms observed before 2 years old and after in both
sexually nonprecocious male and female trout or by com-
parison of the LDL cycle between sexually precocious and
nonprecocious males. The circannual variation in the
LDL concentration results in the concomitant increase
and decrease in the LDL quantitative importance in com-
parison to total lipoproteinemia. This would partially ex-
plain the discrepancy existing between data that indicated
the predominance of LDL (10, 20) or HDL (14, 30) in the
lipoprotein profile of juvenile and immature adult trout.
Our study indicates that in trout the lipoprotein profile is
dominated by HDL as early as the first months of life.
However, a genetic variability in the plasma HDL con-
centration might be present as revealed by the different
HDL mean concentrations reported in juvenile trout after
fractionating the different lipoprotein classes by ultracen-
trifugation (14, 20, 30, this study).

Seasonal variations in the LDL concentration are cor-
related in males with the annual photocycle but not with
water temperature variations. Circannual variations in
the LDL concentration in males and females could be
controlled by an endogenous biological clock which may
be coupled with the external synchronizer (zeitgeber)
which is the circannual change of the photoperiod. The
presence of this endogenous circannual rhythm has been
demonstrated in female trout and enables sexual matura-
tion and the moment of ovulation to be controlled (22).
Additional studies are needed for the demonstration of a
self-sustained circannual LDL cycle. Experiments with
constant environmental conditions would demonstrate
whether the annual photocycle functions as a zeitgeber or
a driver. The secretion of melatonin by the pineal gland
could potentially be involved in mediating the effects of pho-
toperiod on metabolic functions in teleosts (42-44). Sex-
ual maturation itself could affect the plasma concen-
tration of LDL in females. For example, the number of
hepatic LDL receptors could change during the metabolic
reorganization of the liver following the massive synthesis
of VTG. The effect of sexual maturation would thus be
superimposed on the effect of the endogenous biological
clock on the LDL concentration. This could explain the
phase shift of the annual cycle of the LDL concentration
variation in females which would no longer be correlated
with the photoperiod.

Plasma lipemia and lipoproteinemia in trout increase
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progressively as a function of animal age. These augmen-
tations result from the gradual increase in the maximum
LDL concentration at each annual cycle, as well as from
the considerable modifications in the levels of the different
lipoprotein classes related to the annual reproductive
cycle. A similar increase with age in plasma total cho-
lesterol and LDL-cholesterol levels has been demon-
strated in humans and several mechanisms have been pro-
posed (see refs. 45-47 for reviews).

Sexual maturation in trout is accompanied by major
physiological changes and leads to the formation of testi-
cles and ovaries that may represent 6% and 15-20%,
respectively, of total body weight (18, 19, 48, 49). Lipid
stores represent major energy reserves in fish and, during
sexual maturation in both male and female salmonids,
there is a selective mobilization of lipid deposits previ-
ously stored in the perivisceral adipose tissue (19, 49, 50)
or in muscles (30-53). Gonad development requires con-
siderable supplies of constituents such as phospholipids
for membranes, cholesterol as substrate for steroid pro-
duction (35, 54), and lipids whose essential fatty acids are
stored in oocyte yolk. The changes in the concentrations
of the different lipoprotein classes observed in trout and
related to phases of storage and mobilization of body lipid
reserves reflect the involvement of metabolic pathways
specific to the reproduction process and which involve
plasma lipoproteins.

The plasma VLDL concentration after 7 days of fasting
increases considerably in both sexes during the phase of
lipid reserves deposit preceding the rapid increase in the
gonadosomatic ratio. This increase in the VLDL concen-
tration has been observed during the first and the second
reproductive cycle in nonprecocious males and females.
The maximal VLDL concentration observed was in the
order of 800 mg/dl in females and 1100 mg/dl in males.
This increase in the VLDL concentration during vitello-
genesis is in agreement with results previously reported
for female trout (17, 18). Vitellogenesis can be subdivided
into an endogenous vitellogenesis corresponding to a slow
ovarian growth leading to ovaries whose weight accounts
for about 1% of total body weight and an exogenous vitel-
logenesis corresponding to a rapid ovarian growth (55,
56). In trout ovulating in November, as in this study, en-
dogenous vitellogenesis extends from March to June and
exogenous vitellogenesis from July to October. The in-
crease in VLDL concentration observed in female trout
occurs during or at the end of endogenous vitellogenesis.
This is to be correlated with the very large quantity of
lipids stored in perivisceral adipose tissue (19, 49, 50) dur-
ing this period, resulting from the considerable increase
in lipoprotein lipase and salt-resistant lipase activities in
adipose tissue (19). Trout may enter into the reproductive
cycle during the second year of life when sufficient body
energy reserves have been accumulated during growth
(22). The absence of intense storage of body lipid reserves
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in precocious males during the months preceding the first
spermiation could explain the concomitant absence of an
increase in VLDL concentration. On the other hand,
after the first spermiation of precocious males and up to
the onset of the following spermiation, the reconstitution
of body lipid reserves results in a considerable increase in
the plasma VLDL concentration. Spermiation extends
over several months in male trout during which a limited
ovulation period occurs in females. As a consequence,
during restoration of lipid stores after ovulation, a
significant difference in the VLDL concentration exists
between the two sexes. The increase in VLDL concentra-
tion observed during the phase of lipid reserve deposit
could be due to an increase in the level of hepatic
secretion.

The catabolism and production of lipoproteins may be
affected by the concentration of plasma hormones, in par-
ticular steroid hormones. In the rainbow trout, the con-
centration of steroid hormones, estrogens or androgens,
fluctuates during the reproductive cycle (56-60). The con-
centration of 178-estradiol increases considerably during
exogenous vitellogenesis and induces the hepatic synthesis
of VTG, a lipoprotein containing 18% of lipids of which
two-thirds are phospholipids (28). Our results indicate that
the VTG concentration increases abruptly in July
and reaches a maximum of about 2200 mg/dl in October,
ie., 1 month before ovulation and 2 months after the
maximum concentration of VLDL. During the reproduc-
tive cycle in females, the VTG-cholesterol concentration
is significantly correlated with 1783-estradiol concentra-
tion and, as previously described (19), is higher when the
other lipoprotein classes concentration is lowest, and vice
versa. The administration of 178-estradiol to juvenile
trout induces a significant increase in the plasma concen-
tration and hepatic secretion of VLDL, and the appear-
ance of VTG in the plasma, independently of the nutri-
tional status of the animals (14). The increase in plasma
VLDL concentration during the reproductive cycle in
females is not, however, related to the increased concen-
tration of 1783-estradiol. In fact, the chemical and apo-
lipoprotein compositions of the VLDL of juvenile es-
trogenized trout are modified (14). This is not the case for
VLDL which are present in high concentration in the
plasma during the reproductive cycle of females. In addi-
tion, the increase in the VLDL concentration during the
reproductive cycle is observed in both males and females
and there is no significant correlation in females between
VLDL and 178-estradiol concentrations. During ex-
ogenous vitellogenesis, VLDL synthesized by the liver
under the effect of 17§3-estradiol are very actively catabo-
lized by growing ovaries. In addition to VTG uptake, the
ovary can apparently take up lipids as a result of the lipo-
lysis of circulating lipoproteins. This is shown by a con-
siderable increase in lipoprotein lipase and salt-resistant
lipase activities in trout ovaries during exogenous vitello-
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genesis (19). The high plasma VLDL concentration ob-
served in juvenile estrogenized trout could be due to their
accumulation in the plasma resulting from the absence of
ovarian lipolysis. Lipoprotein lipase in trout is con-
siderably activated by VLDL and to a lesser extent by HDL
(61).

The HDL concentration increases progressively in the
course of sexual maturation, reaching considerable values
on the order of 2500 mg/dl during spermiation or at the
moment of ovulation. These concentrations then decrease,
becoming comparable to those observed in juvenile
animals. The HDL concentration in trout is highly sig-
nificantly correlated with the major plasma androgen
concentration, i.e., testosterone, in both males and fe-
males. The administration of testosterone to juvenile
trout leads to an increase in the plasma cholesterol con-
centration (62). Additional work is required in order to elu-
cidate the relationship existing in trout between the plasma
HDL concentration and that of testosterone.

Modifications in the composition of plasma lipoproteins
in salmonids related to the reproductive cycle (11, 63) or
to seasonal fluctuations of water temperature (64, 65) have
been identified. It has previously been shown that
the percentage of lipids and proteins in the different
lipoprotein classes was identical between juvenile male
trout and those in spermiation (20). In the course of this
work, no change in the percentage of lipids and proteins
in the different lipoprotein classes related to age, season,
or to the reproductive cycle has been identified. This does
not, however, exclude the existence of this type of varia-
tion within lipoprotein subfractions. An analysis of lipo-
protein subfractions, in particular at the times of minimal
and maximal concentrations found in this work, is thus
necessary.

In summary, the present study has shown that season
and reproductive cycle are the two main factors affecting
basal lipid and lipoprotein levels in trout. Independent of
age and sexual maturity, a circannual variation in the
LDL concentration has been demonstrated in both sexes.
These seasonal fluctuations might be controlled by an en-
dogenous biological clock able to exert an independent
effect on plasma lipid and lipoprotein levels. We have also
found that reproductive cycle dramatically alters the
plasma concentration of VLDL and HDL in both sexes
and the appearance of VIG in the plasma of females. En-
vironmental factors such as photoperiod or endocrine fac-
tors such as the concentration of steroid hormones can be
correlated and/or involved in the regulation of these quan-
titative variations. EB
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