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Summary

We examined the morphometric and biochemical effects
of ventricular hypertrophy in male rainbow trout
(Oncorhynchus mykiss during sexual maturation. Our
investigation focused on characterizing the growth of
ventricular layers, on cardiomyocyte dimensions (length,
cross-sectional area and cell volume) and on the activities
of enzymes involved in intermediary metabolism.

Relative ventricle mass (108ventricle mass/body mass)
increased by as much as 2.4-fold during sexual maturation
[as defined by an increasing gonadosomatic index
(100xgonad mass/body mass)], and this resulted in an
increased proportion of epicardium relative to
endocardium. Ventricular enlargement was associated
with increased length (+31%) and transverse cross-
sectional area (+83 %) of cardiomyocytes, which resulted
in an expansion of up to 2.2-fold in mean myocyte volume
(from 1233 to 2751um3). These results indicate that sexual
maturation induces ventricular enlargement through
myocyte hypertrophy. Cell length and cross-sectional area
were similar in both myocardial layers, and myocytes were
elliptical rather than circular in transverse cross section.
Ventricular hypertrophy did not alter transverse cell
shape, perhaps reflecting the maintenance of short

diffusion distances for small molecules as cells
hypertrophy. Myocyte hypertrophy could not account
entirely for the sevenfold range of ventricle masses from
different-sized fish, indicating that myocyte hyperplasia
contributes substantially to ventricular growth as trout
grow.

Measurements of the maximal activities of metabolic
enzymes demonstrated that ventricular hypertrophy was
associated with (1) higher epicardial but not endocardial
activities of citrate synthase (by 23 %) and3-hydroxyacyl-
CoA dehydrogenase (by 20%); (2) lower activities of
hexokinase (by 50 %) in both layers, and (3) no change in
lactate dehydrogenase or pyruvate kinase activities, which
were also similar between layers. These results suggest that
the energetic needs of the hypertrophied trout ventricle
may be met through increased reliance on fatty acid
oxidation, particularly by the endocardium, but decreased
reliance on glucose as a metabolic fuel in both layers.

Key words: Oncorhynchus mykiss rainbow trout, electron
microscopy, myocyte, hyperplasia, cardiac hypertrophy, energy
metabolism, myocardial layers.

Introduction

The vertebrate heart displays a remarkable capacity falterations in tissue morphology and/or cellular biochemistry
morphological and biochemical adaptation. One illustration ofe.g. energy metabolism) (Zak, 1984). By comparison, the
this adaptability is cardiac growth in adult animals, whichmorphological and biochemical consequences of cardiac
functions to accommodate changes in work demand on tlgrowth in non-mammalian vertebrates are poorly understood,
heart. Patterns of cardiac growth can be segregated into tvamd how growth is accomplished (myocyte hypertrophy,
categories: (1) growth that maintains a constant allometrigyperplasia or both) has received scant attention. Such
between body size and heart size, termed normal growth, akdowledge would offer comparative insights into the
(2) growth that increases the heart mass:body mass rati@lationship between development, functional capabilities and
termed excessive growth or cardiac hypertrophy. In both casgdasticity of cardiac tissue in vertebrates.
cardiac growth can be accomplished through enlargement of Rainbow trout ©ncorhynchus mykissrepresent a non-
individual cardiomyocytes (myocyte hypertrophy), mammalian model for investigating cardiac hypertrophy.
proliferation of cardiomyocytes (myocyte hyperplasia) or bothVentricular hypertrophy has been demonstrated in trout in
It is well known in mammals that postnatal cardiac growthyesponse to cold-temperature acclimation (Graham and Farrell,
either normal or excessive, occurs solely through myocyt&989; Patey and Driedzic, 1997) and sexual maturation
hypertrophy and is associated with well-characterizedFranklin and Davie, 1992; Graham and Farrell, 1992). In
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response to gonadal enlargement, male rainbow trout exhildbes myocyte hypertrophy or hyperplasia explain ventricular
an increase of as much as 143% in relative ventricle massnlargement? (2) Does ventricular hypertrophy result in
(100xventricle mass/body mass) (Franklin and Davie, 1992)alterations in maximal activities of key enzymes involved in
In their study of heart growth in trout, Farrell al. (1988) energy metabolism? While addressing both questions, we
report that ventricular growth occurs through a combination olooked specifically at the effects of sexual maturation-induced
myocyte hypertrophy and hyperplasia. This observation, whichentricular hypertrophy on the myocardial layers. Both
differs greatly from the currently accepted paradigm forelectron and light microscopy were employed to measure the
postnatal cardiac growth in mammals, stimulated our interegfimensions, and ultimately the size and shape, of ventricular
in determining the relative contribution of myocyte myocytes over a range of relative ventricle masses. We also
hypertrophy and hyperplasia to sexual maturation-inducegheasured maximal activities of key enzymes involved in
ventricular hypertrophy in male trout. Furthermore, the effectgerobic and anaerobic metabolism to assess the effects of

of ventricular hypertrophy, induced by sexual maturation, oRentricular hypertrophy on cardiac energy metabolism.
the growth of the layers of the trout ventricle, which consists

of a compact, well-oxygenated epicardium and a trabecular,
poorly-oxygenated endocardium, have not been investigated. Materials and methods
Transmural differences in oxygen availability, myoarchitecture Animals

and possibly energy metabolism may promote distinct, layer- p1aie rainbow trout Oncorhynchus mykiséWalbaum)],

specific_patterns of growth as ventricles enlarge during sexu%_% months old (1533+798g) were reared at a commercial
maturation. hatchery (Clear Springs Foods, Buhl, ID, USA) and maintained

Cardi_ac work in trout is supporte_d non-!oref_erentially byin flow-through outdoor concrete raceways receiving spring
fatty acid and carbohydrate metabolism (Driedzic, 1992). O(hater at 15°C. Animals were anesthetized with 0.1 % tricaine

the basis of measurements of enzyme activities, there is SOMEe.thanesulfonate (MS-222, Crescent Research Chemicals

indication that the salmonid heart exhibits transmural grad|enli§hoenix AZ, USA), their body mass and fork length were
in energy metabolism. The endocardium appears better pms?éjcorded’ an,d a cc;ndition index was calculated Xbody
for oxidative and glycolytic carbohydrate metabolism, Wherea?‘nass/boéy lengfh where mass is in g and length is in cm)

?k:(eldstIi\mI:Zr((:j?Sr?ngofSF:efta;ylzgi's Emvv agrtb:ngegﬁé dd;(\:/ellogp;ﬁ 'ach heart was excised rapidly, and the ventricle was isolated
P : ' ' ' .and weighed to determine relative ventricle mass. Further

Farrell et al. 1990). Whether sexual maturation-induced rocessing of ventricles was specific to each experiment. The
ventricular hypertrophy affects energy metabolism of the trod? 9 P P '

heart is unknown; however, this may depend on the ventricul:li?Stes were removed and weighed, and the gonadosomatic
layer examined and the type of tissue growth (hypertrophy deeX (QSI’ 108gonad mass/body mass) was recorded fgr
hyperplasia) occurring. For example, myocyte hypertrophy i ach_anlmal as a measure of sexual maturity. In our_selectlon
mammals can result in increased diffusion distances for smdjf a1imals, we chose those that ranged from sexually immature
molecules that, unless balanced by increased surface areadiGft€S Were not developed) to mature (milt flowed upon
transverse tubules and mitochondria, may reduce contractif@lPation and gonads were evenly colored white), but did not
efficiency and modify energy metabolism (Hamrell and AlpertUS€ those showing signs of gonadal regression (gonads were
1986). Because trout cardiomyocytes lack a transverse tubuf@Pticeably gray and/or mottled). _
system (Santer, 1985), and mitochondria are located centrally TN€ designation of ventricles as ‘normal’ or ‘hypertrophied’
rather than peripherally in the myocyte, even mild hypertrophj@duired a working definition for ventricular hypertrophy in
might increase diffusion distances sufficiently to restrictirout. We defined ventricular hypertrophy in trout as a relative
aerobic energy metabolism and to inhibit contractility. Cellulaventricle mass that exceeded the ‘normal’ mean relative
function may also be influenced by transverse cell Shapggntricle mass of the population from which the animals were
which determines effective diffusion distances for smaldrawn by 30% or more. This definition assumes that the
particles (e.g. Cd, oxygen) to intracellular sites of action. condition indices between control and experimental animals
Previous investigations of ventricular growth in fishes havére similar. Admittedly, this definition is arbitrary, but it
assumed that cardiomyocytes were cylinders with circula@pproximates the magnitude of increased relative ventricle
cross sections, although it was acknowledged that this was &tasses reported in studies that demonstrate ventricular
oversimplification (Farrellet al. 1988; Rodnick and Sidell, enlargement in trout (Farredt al. 1988; Graham and Farrell,
1997). The transverse dimensions of cardiomyocytes, or theP89, 1992; Franklin and Davie, 1992).
effect of ventricular growth on myocyte transverse shape, have ]
not been determined quantitatively in any fish species. Ventricular gross morphometry

The goal of the present study was to examine morphometric Myocardial layers were separated from trout ventricles
and metabolic aspects of ventricular hypertrophy induced b{N=44) by blunt dissection with forceps, rinsed in ice-cold 1%
sexual maturation in male rainbow trout. We posed th&laCl, blotted dry, and weighed to calculate the relative
following questions. (1) Do the size and transverse shape pfoportion of each layer. Samples were frozen, with an
cardiomyocytes change during ventricular hypertrophy, andluminum clamp cooled to the temperature of liquid nitrogen,
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and stored at70 °C for enzyme analyses. Accurate separatiosaline (see Farredit al. 1986) and consisted of (in mmo}):

of layers was accomplished easily, as the layers could 25 NaCl, 3 KCI, 0.1 NapPOyH20, 2.3 NaHPQy, 1.0
distinguished by both color and texture. Recovery of tissudlgSQs7H20, 5.5 D-glucose, 10  Hepes, 1%
following separation was always more than 90% of originapolyvinylpyrrolidone §: 40x10%) and 10i.u.ni! sodium
ventricle mass. To determine water content, portionsieparin. Preliminary experiments demonstrated that the
(75—-100 mg) of each layer were lyophilized to a constant mass.

Determination of cardiomyocyte dimensions and shape

Measurements of cross-sectional dimensions using electron
microscopy
Ventricles were isolated from trouN€9) in the manner
described above. Prior to blunt separation of layers, smagis
portions (10—20 mg) of each layer were carefully excised using
micro-dissection scissors and rinsed in ice-cold sodiu
phosphate buffer (0.1 mofi sodium phosphate, 7.5% sucrose,
pH7.4). To avoid possible regional variation in cell
morphometry, tissue was taken from the mid-zone of thé
anterior wall of the ventricle from all animals. Small (<1#m
blocks of tissue were trimmed with a single-edge razor blad
and placed into ice-cold paraformaldehyde—glutaraldehyd
fixative (4 % paraformaldehyde, 1% glutaraldehyde, 0.1Thol
sodium phosphate buffer, 0.1% CaQiH 7.4). Tissues were
transferred to fresh fixative within 24h and stored at 4°C
Samples were post-fixed in sodium phosphate-buffered 1¢
osmium tetroxide (pH7.4), dehydrated through an acetong - C
series (50, 70, 85, 95 and 100%) and embedded in Spurr's o< e
viscosity resin (Ted Pella Inc., Redding, CA, USA). Semi-thin « =
sections (1.pm) were generated on an RMC MT-7
ultramicrotome (Research and Manufacturing Co., Tucson, Az
USA), stained with Toluidine Blue, and inspected to determin
section orientation. In some cases, entire blocks of tissue we
cut and remounted with epoxy resin to ensure sectioning ¢
myocytes in cross section. Ultrathin sections (90-110 nm) wel §
then generated, mounted on 200 mesh copper grids, and stair #&
with filtered (0.22um pore size) 2% uranyl acetate and 0.1%»
lead citrate. Stained sections were inspected at x440(
magnification using a Zeiss EM 900 electron microscope (Zeis
Inc., Germany) operated at 70kV. For each myocardial layer «
each animal, we took micrographs of approximately 5(
myocytes in near-perfect cross section (Fig. 1). To determin &
cross-sectional area, circumference and maximum diameter f <
each cell, outlines of myocytes were traced from negative #&
using a photographic enlarger (final magnification 13)1@@d
subsequently digitized using a Summagraphics digitizing table
(model MM1201) and SigmaScan software (Jandel Scientific
Corte Madera, CA, USA). Magnification calibrations were
made with micrographs of a diffraction grating replica
(2160lines mrmt) (Ted Pella, Inc.).

=P,

Isolation of ventricular cardiomyocytes and measurements 01
Fig. 1. Electron micrographs of ventricular epicardium of rainbow

myocyte length
Y y. | g icul . . trout. (A) Transverse sections of several cardiomyocytes with
We isolated ventricular myocytes (Fig. 2) by modifying thepromlnent nuclei (n), centrally positioned mitochondria (m) and

procedures of Farredt al. (1988). All steps were performed peripheral myofibrils (arrowheads) in near-perfect cross section.
at 15°C. AnimalsN=12) were anesthetized, and the ventriclescale bar, gm. The box indicates the area enlarged in B, which
excised and placed immediately in 10vols of wash-oudepicts myofibrils (my) in perfect cross section, subsarcolemmal
medium. Wash-out medium was based ofi@ae Cortland’s  mitochondria (m) and a nucleus (n). Scale barpm5
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relative ventricle masses and ventricle masses observed in
this study. We then calculated mean myocyte volume as the
product of cross-sectional area and myocyte length. We
converted myocyte volume to myocyte mass to determine
whether myocyte mass increased during sexual maturation
and, if so, what proportion of ventricular growth was
attributable to myocyte hypertrophy. For this analysis, we
assumed (1) that myocyte density is 1.06 mg#(Wendez
and Keys, 1960) and (2) that cardiomyocytes comprise
approximately 85% of myocardial volume in trout, as has
been demonstrated in mammals (Anveetaal. 1978). A
comparison of these results with a hypothetical relationship
describing ventricular growth as being due entirely to
myocyte hypertrophy enabled us to estimate the relative
contribution of myocyte hypertrophy and hyperplasia to
ventricular growth.
: To describe transverse cell shape, we measured
F'g 2. nght micrograph of an isolated cardlomyocyte (©) fromcircumference, maximum diameter and cross-sectional area
rainbow trout ventricular endocardium. r, red blood cell. Scale barfrom micrographs of myocytes in cross section. We used the
10pm. circumference €) and cross-sectional ared)(to derive a
shape factork) for each cell using the following equation:
inclusion of heparin in the wash-out medium reduced red blood K = A05/C .
cell contamination and the occurrence of myocyte aggregates.
Epi- and endocardial layers were separated and rinsed againlii determine whether the transverse shape of cardiomyocytes
fresh wash-out medium. Samples of each layer (100-150 m@jas altered during ventricular hypertrophy, we compared the
were placed into sterile plastic Petri dishes with 7 ml of enzymEelationship between maximum cell diameter aratross the
medium and minced finely (pieces <1®mwith micro-  observed range of relative ventricle masses. We then compared
dissecting scissors. Enzyme medium consisted of wash-otftis relationship with a hypothetical distribution of maximum
medium containing 0.1% collagenase (Type 1A, Sigmdliameter an& wherein myocytes were cylinders with circular
Chemical Co., St Louis, MO, USA) and 1% fatty-acid-freeCross sections. This assumption is made routinely in studies of
bovine serum albumin (Fraction V, Sigma). Minced tissue waghimal cardiomyocytes (Rakusan, 1984; Faretlal. 1988;
transferred to stoppered 25ml plastic Erlenmeyer flasks usifgodnick and Sidell, 1997).
a wide-bore plastic transfer pipette and incubated for 70 min in _ o
a reciprocating water bath (50 cycles mjn(Haake SWB20, Measurements of ma_X|maI enzyme activities and cellular
Paramus, NJ, USA) while gassing with 100% Oigested biochemistry
material was filtered through 2Qéh nylon mesh General assay procedures
(Spectra/Mesh, Spectrum, Houston, TX, USA) into 10ml Ventricles from 11-14 animals were used to measure
round-bottom plastic centrifuge tubes. Cells were pelletethaximal activities of aerobically and anaerobically poised
gently at 5@ for 5min. The supernatant was discarded, andnetabolic enzymes. These enzymes provided indices of
the pellet resuspended in 5@000f resuspension medium sustainable glucose utilization (hexokinase), anaerobic
(wash-out medium without heparin). The lengths ofmetabolism (pyruvate kinase, lactate dehydrogenase), maximal
approximately 100 cells per layer per animal were recorded akerobic metabolism (citrate synthase) @prolidation of fatty
400x magnification from wet mounts using phase-contrastacids B-hydroxyacyl-CoA dehydrogenase). Frozen samples
microscopy (Reichert Microstar 1V, Leica, Denver, CO, USA)(50-100 mg) of ventricular layers were homogenized in 9vols
and a calibrated eyepiece micrometer. of ice-cold extraction medium using a motorized Duall-22
ground-glass homogenizer. The extraction medium and final
Calculation of myocyte volume, mass and relative transversedilution were dependent on the enzyme being assayed_ All
cell shape enzyme activities were measured spectrophotometrically at
Because measurements of myocyte length and cros$5+0.5°C under saturating substrate concentrations using a
sectional area were not performed on identical animal®Rerkin-EImer Lambda 6 UV/VIS spectrophotometer with a
myocyte volumes were determined indirectly. We derivedhermostatically controlled recirculating water bath and water-
linear regression equations to describe relationships betwegtketed cuvette holder. Activities are expressed as units per
ventricle size (i.e. relative ventricle mass and ventricle masgiram wet ventricle mass, where 1 unit denotes the conversion of
and myocyte dimensions (i.e. length and cross-sectiondlumol of substrate to product per minute. All assays were linear
area). We employed these equations to estimate averageer the reaction period. Chemicals were of analytical grade and
myocyte cross-sectional area and length for the range @lrchased from Sigma Chemical Co. (St Louis, MO, USA).
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Hexokinase (HK; EC 2.7.1.1) Data analysis

Extraction medium consisted of (in mmdit 40 Hepes, 1 We calculated and tested correlation coefficients describing
EDTA, 2 MgChk and 2 dithiothreitol; pH7.4 at 15°C. The the relationships between ventricle mass and degree of sexual
reaction mixture consisted of (in mmol): 40 Hepes, 0.8 maturity (i.e. gonadosomatic index), changes in the proportion
EDTA, 7.5 MgCph, 1.5 KCI, 2.5 ATP, 10 phosphocreatine, 0.4 of epicardium with relative ventricle mass, and for enzyme
NADP*, 1.0 p-glucose (omitted in control), 0.9unitsThl activities and relative ventricle mass (Zar, 1996). Differences
creatine phosphokinase and 0.7 unitsliglucose-6-phosphate in enzyme activities between epicardial and endocardial layers
dehydrogenase; pH7.5 at 15°C (procedures modified fromvere examined using Studentdest, corrected for family-
Sidell et al. 1987). The final dilution of homogenate in the wise error. Regression analysis and analysis of variance
reaction tube was 1:1000. The reaction was initiated by th@ANOVA) were used to evaluate relationships between

addition of glucose and followed at 340 nm for 7 min. myocyte dimensions and relative ventricle mass. Variance
. homogeneity was evaluated for cross-sectional area and length
Pyruvate kinase (PK; EC 2.7.1.40) data using a modified Brown—Forsythe test (Keppel, 1991).

The extraction buffer was identical to that for hexokinaseStatistical significance was establishedP&.05. Data are
The reaction mixture contained (in mmd)t 40 Hepes, 150 expressed as meanss.
KCI, 10 MgCh, 5 ADP, 1 KCN, 0.15 NADH, 25 Given the wide range of animal body masses used in these
phosphoenolpyruvate (omitted in control) and 10unitdml experiments, we evaluated possible effects of body and
lactate dehydrogenase; pH6.9 at 15°C (procedures modifiegntricle size on the individual descriptive variables. For each
from Hansen and Sidell, 1983). The final dilution ofdescriptive variable, we first plotted best-fit linear regressions
homogenate in the reaction tube was 1:2000. The reaction wls body mass/ersusventricle mass and extracted residuals.

followed spectrophotometrically at 340 nm for 6 min. The residuals represent ventricular hypertrophy divorced from
simple allometric growth. We then performed either linear
Lactate dehydrogenase (LDH; EC 1.1.1.27) regression or correlation analyses using the residuals for the

Extraction buffer consisted of (in mmo}): 50 Hepes, 1 abscissa and various descriptive variables (i.e. proportion of
EDTA and 2 dithiothreitol; pH7.5 at 15°C. Following epicardium, myocyte dimensions, enzyme activities) for the
homogenization, samples were centrifuged for 5min at 1§ 000ordinate (Neteret al. 1983). Statistical significance for this
and the supernatant was assayed. The reaction mediprocedure was establishedRat0.05.
contained (in mmolt): 50 Hepes, 1 KCN, 0.17 NADH and 1
pyruvate (omitted for controls); pH7.5 at 15°C (procedures
modified from Hansen and Sidell, 1983). The final dilution of . o
homogenate in the reaction tube was 1:2000. The reaction was Effects of body mass and ventricle mass on descriptive

Results

followed at 340 nm for 5min. variables
The results of our analyses indicated that body mass did not
Citrate synthase (CS; EC 4.1.3.7) correlate with the descriptive variables measured in our study.

Extraction buffer consisted of (in mmol): 20 Hepes and 1 Our analyses suggest that ventricle mass was correlated with
EGTA; pH7.5 at 15°C. The assay reaction mixture consisted gfercentage epicardium and myocyte cross-sectional area, but
(in mmol1): 20 Hepes, 1 EGTA, 220 sucrose, 40 KCI, 0.1-5,5 demonstrated no correlation with other variables. We interpret
dithio-bis (2-nitrobenzoic acid) (DTNB), 0.05 acetyl CoA, andthis relationship as resulting from the increase in ventricle mass
1 oxaloacetate (omitted in control); pH 8.0 at 15 °C (Rodnick an@ith ventricular hypertrophy, rather than simple growth of the
Sidell, 1994). Homogenates of frozen tissue were taken througiimals. Therefore, we used relative ventricle mass as a
a freeze—thaw cycle to maximize enzyme activity, and the finaheasure of ventricular hypertrophy in our final analyses of
dilution of homogenate in the reaction tube was 1:8000. Theentricular morphometry and energy metabolism.

reaction was followed at 412 nm for 7 min. ]
Ventricular gross morphometry

B-Hydroxyacyl-CoA dehydrogenase (HOAD; EC 1.1.1.35) Sexual maturation was associated with considerable
Extraction buffer was identical to that for citrate synthase. Theentricular hypertrophy in male rainbow trout, and there was
reaction mixture consisted of (in mmdi): 20 Hepes, 1 EGTA, a significant correlation between gonadosomatic index and
1 KCN, 0.15 NADH and 0.1 acetoacetyl CoA (omitted inrelative ventricle mass (Fig. 3). Relative ventricle mass
control); pH7.5 at 15 °C (procedures modified from Hansen aniticreased by as much as 2.4-fold (from 0.075 to 0.235) as
Sidell, 1983). The final dilution of homogenate in the reactiornimals maturedR<0.001). Condition indices were similar
tube was 1:800. The reaction was followed at 340 nm for 6 miramong all animals (1.27+0.11 g cf Growth of the ventricle
during sexual maturation resulted from an increase in the
Protein content absolute mass of both ventricular layers, but the epicardium
Total tissue protein for each myocardial layer was assayesccounted for a greater proportion of ventricle mass than did
by the bicinchoninic acid method using bovine serum albumithe endocardium R<0.001) (Fig.4). The percentage
as the standard (Smi#t al. 1985). contribution by mass of epicardium ranged from 47 to 75%
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Fig. 3. Relationship between gonadosomatic index X@60ad
mass/body mass) and relative ventricle mass X\U€fricle
mass/body mass) in male rainbow trout during sexual maturatio
(N=44, body mass 1918+852g; mean sib.). The correlation
between relative ventricle mass and gonadosomatic index (solid lin:
is significant (=0.75, P<0.001) and describes the following linear
relationshipy=0.03%+0.094.

1
32

(mean 61.0+£8.4 %) of ventricular mass, and we observed th
greater absolute mass of the ventricle was also associated w
an increased proportion of epicardial mass. The water conte
of ventricular myocardium averaged 81.5+1.9B18) and

did not vary between layers or with ventricular enlargement
This indicated that increases in ventricle or layer mass wel
not simply the result of changes in myocardial fluid content.
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Fig. 4. Relationship between the percentage of epicardium ar
relative ventricle mass (180entricle mass/body mass) in male
rainbow trout N=44, body mass 1918+852g; meanss.). The
correlation is significant r€0.75, P<0.001) and describes the
following linear relationshipy=1.44x+0.41.

Cardiomyocyte dimensions and transverse shape

Preliminary analyses indicated that there were no differences
in cellular dimensions between epi- and endocardial myocytes
from the same ventricle. Cardiomyocytes of hypertrophied
ventricles had significantly increased cross-sectional areas (up
to 1.80-fold,P<0.01; Fig. 5A; Table 1), lengths (up to 1.31-
fold, P<0.01; Fig. 5B; Table 1) and maximum diameters (up to
1.38-fold, P<0.01; Table 1) compared with normal ventricles.
Using regression equations describing relationships between
dimensional measurements and relative ventricle mass, we
calculated that ventricular hypertrophy resulted in as much as
a 2.2-fold increase in myocyte volume (from 1233 to 2183,
Table 1) as trout matured sexually. Conversion of myocyte
volumes to masses indicated that, for the range of relative

40
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r=0.53

0
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Relative ventricle mass (%)

L 1
0 0.24

Fig. 5. Relationships between cardiomyocyte dimensions (cross-
sectional area and length) and relative ventricle mass«(&dfricle
mass/body mass). The absence of statistical differences between
layers justified pooling measurements for each ventricle. Each point
represents the mean of at least 100 cross-sectional areas (A) and 200
myocyte lengths (B). The slopes of the equations (cross-sectional
area, y=136.%+10.0; length,y=130.%+52.7) calculated for each
relationship are significanP€0.01).
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Table 1. Observed and calculated characteristics of ventricles and ventricular cardiomyocytes from male rainbow trout

Animal Ventricle Mean Mean cell Mean maximum Mean cell
mass GSlI RVM mass XSA length cell diameter volume
(9) (%) (%) (9) (m2) (um) (um) (um3)
848 0.118 0.079 0.67 (20.8) 59.3 (7.8) 1233
1025 0.275 0.080 0.82 20.8 (63.2) 7.9 1315
1556 0.390 0.099 1.54 (23.5) 74.2 (8.2) 1744
1406 0.237 0.101 1.42 24.3 (65.9) 8.0 1601
1787 0.330 0.108 1.93 19.5 (66.8) 7.8 1303
600 0.230 0.110 0.66 (25.0) 68.9 (8.5) 1722
764 0.109 0.110 0.84 (25.0) 58.3 (8.5) 1458
718 0.141 0.110 0.79 (25.0) 65.5 (8.5) 1638
642 0.330 0.120 0.77 (26.4) 71.0 (8.7) 1874
1621 1.250 0.140 2.27 30.0 (71.0) 9.2 2130
807 1.890 0.140 1.13 (29.1) 67.1 (9.2) 1953
2161 1.780 0.143 3.09 (29.6) 79.6 (9.2) 2356
2878 1.891 0.164 4.72 34.2 (74.2) 10.4 2538
1561 2.107 0.164 2.56 36.2 (74.2) 10.4 2686
1771 2.100 0.166 2.94 35.2 (74.4) 10.8 2612
2812 2.250 0.170 4.78 (33.2) 73.1 (9.9) 2427
2079 2.370 0.178 3.70 (34.3) 80.2 (10.2) 2751
859 2.810 0.185 1.59 (35.3) 71.1 (10.2) 2510
2330 3.370 0.194 4,52 31.3 (78.1) 9.0 2445

GSI (gonadosomatic index), 18fonad mass/body mass; RVM (relative ventricle mass)xvlricle mass/body mass; XSA, cross-
sectional area.

Mean cell volume was calculated as X8A&ell length.

Numbers in parentheses were calculated from regression equations describing relationships between RVM and myocyte dimétigions (s
5A,B).

ventricle masses observed in this study, increases in myocyed LDH did not vary with ventricular hypertrophy during
mass during sexual maturation can account for a 2.3-foldexual maturation.

increase in ventricle mass (Table 1). Analyses of transverse cellProtein content N=15) was approximately 6% higher
shape (i.e. plots af versusmean maximum myocyte diameter) (P=0.048) in endocardium (139.4+12.3 mgtissue) than in
demonstrated that trout cardiomyocytes were elliptical in crosspicardium (130.1+12.9 mgttissue) and was not related to
section rather than circular, but cell shape did not change witlelative ventricle mass or ventricle mass. Expressing enzyme
increasing myocyte diameter (i.e. myocyte hypertrophygctivities per milligram protein did not alter transmural
(Fig. 6). Predictions of myocyte volume based on a cylindricatlifferences in enzyme activities or the relationships between
cell with either elliptical or circular transverse cross sectiongnzyme activities and relative ventricle mass.

(Fig. 7) demonstrate that a circular cross section predicts 2.2-

fold greater myocyte volumes than the observed elliptical cross i ,
sections. Discussion

Ventricular hypertrophy during sexual maturation

Measurements of maximal enzyme activities and cellular | jke previous studies (Franklin and Davie, 1992; Graham
biochemistry and Farrell, 1992), our study demonstrates that there is a

Relationships between relative ventricle mass and maximglositive correlation between the degree of sexual maturation
enzyme activities in ventricular layers are shown in Fig. 8and relative ventricle mass in male rainbow trout. Notably, the
Maximal activities of HK (Fig. 8A), CS (Fig. 8D) and HOAD slope describing the relationship between relative ventricle
(Fig. 8E) were consistently higher in endocardium than irmass and gonadosomatic index (0.032; Fig. 3) and the increase
epicardium P<0.01), whereas no such relationship wasin relative ventricle mass with sexual maturity (2.4-fold) are
observed for PK (Fig. 8B) and LDH (Fig. 8C). Maximal nearly identical to those described by Franklin and Davie
activities of CS and HOAD were augmented in the(1992) (0.033 and 2.4-fold, respectively). The effects of sex or
epicardium of hypertrophied hear8<0.01), but no change sexual status on heart mass are not unusual in animals, and
was observed in the endocardium. Interestingly, maximal HKave been linked to circulating levels of testosterone in rodents
activity in both layers was 50 % lower in animals with a largg(Koeniget al. 1982) and, more recently, to various androgens
relative ventricle mass compared with animals with a smaih rainbow trout (Thorarensert al. 1996; Davie and
relative ventricle massP&0.01). Maximal activities of PK Thorarensen, 1997). Although salmonid hearts express
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032 - ! ventricles can account entirely for the doubling of ventricle
: e Predicted . - . L
o Observed mass that occurs with sexual maturation. This observation is
030 - consistent with the paradigm for postnatal cardiac growth and
' hypertrophy in mammals (Zak, 1984). However, the increase in
myocyte mass observed in our study was calculated from a
0.28 - badid - *—o

sevenfold range of ventricle masses from differently sized
animals (Table 1). Observed changes in average myocyte mass
x 026 - cannot account for this range of tissue masses, indicating that
hyperplasia of existing myocytes contributes substantially to

0.24 o 5 o increases in ventricle size that occur with normal growth of the
- adult trout heart. Thus, our results support and extend the
© o ©o © 0 observations of Farrelt al. (1988) that growth of the trout

022 7 ventricle occurs through a combination of myocyte hypertrophy

0 L | . | . | . | . | and hyperplasia. We speculate further that hypertrophy of
o 7 8 9 10 1 extant myocytes is responsible for increasing ventricular mass

during gonadal maturation, but that myocyte proliferation
occurs between reproductive periods. It appears that trout
Fig. 6. Relationship between mean maximum cell diameter andardiomyocytes, unlike mammalian cardiomyocytes, are not
myocyte shapek( cross-sectional aréfcircumference). The open terminally differentiated, but maintain the capability for cell
circles depict the relationship observed during this study (a minimurgivision even in adult animals.

of 100 measurements per point), whereas the filled circles illustrate How much myocyte hyperplasia must have occurred to
the relationship that would occur if myocytes had perfectly C'rcwarﬁxplain the sevenfold range of ventricle mass observed in this
transverse cross sections. The difference in elevation between t

” . .
lines (P<0.001) indicates that trout myocytes are elliptical, ratherS?Udy' Assuming that the proportion of myocyte volume to

than circular, in transverse cross section. Increasing cell diame'[Ia*‘?tal tissue volume does not change during ventricular growth,

(i.e. cardiomyocyte hypertrophy) is not associated with a change e estimate that a 9-659 ventricle from a Sexually. immature
transverse cell shape (i.e. the slope does not differ from zerdjout (gonadosomatic index 0.118, relative ventricle mass

(P>0.05). 0.079; Table 1) contains approximately 300 million myocytes,
whereas a 4.78g ventricle from a mature animal

Mean maximum cell diameter (um)

androgen receptors (Fitzpatriek al. 1994), the mechanisms

linking circulating androgen levels with cardiac growth have 8000 71 o pregicted
not been elucidated. 7000 4  © Observed .
A consistent finding in this study and others (Graham an o
Farrell, 1992) is that increasing ventricle mass in male trot & 6000
during sexual maturation results from an expansion of bot £
myocardial layers, but growth of the epicardium exceeds th: g 5000
of the endocardium (Fig. 4). A greater proportion of epicardiun E 4000
with increasing relative ventricle mass has also been induced £
trout by exogenous administration of d7#methyltestosterone % 3000 -
(Davie and Thorarensen, 1997). A selective expansion of tt S
epicardium may result from biophysical constraints imposed b = 2000
the increase in ventricular diameter. According to Laplace’ 1000 -
law, the maintenance of intraluminal pressure at large
ventricular diameters results in an increased tangential we 0+~ . , . , . |
stress that can be counterbalanced by an increase in w 0 008 0.12 0.16 0.20
thickness. Although this compensatory response may apply Relative ventricle mass (%)

the epicardium, the numerous small pumping chambers that ) _ _ )
comprise the trabeculated endocardium probably generateF'g' 7. Relationship between myocyte volume and relative ventricle

very low wall stress (Johansen, 1965) and thus may not 1'2SS (108ventricle mass/body mass). Myocyte volume was
. ) calculated from measurements of cross-sectional area and length
stimulated equivalently to grow.

(Table 1). The open circles represent values derived from observed
. changes in myocyte lengths and cross-sectional areas with increasing
Ventricular growth results from_myocyte hypertrophy and relative ventricle massy/£14354+199) (Table 1). The filled circles
hyperplasia portray the predicted relationship that would occur if volumes were
We demonstrate that ventricular hypertrophy in male troucalculated using mean maximum diameteng=3(395%+589)
results from hypertrophy of existing cardiomyocytes. The(Table 1) and assuming cylindrical cells with circular transverse
observed 2.3-fold greater mass of myocytes from hypertrophiecross sections for cell shape.



Microscopy and biochemistry of enlarged trout he&g49

20 50
—~ . AO & 1 B ] o
a > 45+ o
o |
< 16 k= ] o
£ £ 40 ° 0
= | E i ° ° o)
= o
g 12- 3 357 0 o
= 2 )
> S 30- o
= g g .
g 8 251 ° o0 ©

i o

: < :
g 4 & i 00
g S 151
T N=13* o N=14

01— T T T T T T T T T 1 OL T T T T T T T T T T ]

0

0 008 012 0.16 0.20 0.24 0.28 0.08 0.12 0.16 0.20 0.24 0.28

36

- o o o )

= | T 321 O

IS ° £

2 300 * o E

g 2 284

= o ° IS

P A o =

> L4 ° 8 o >

§ 2004 * o > ¢ z

% ¢ g é ©

o 1 g 20-

D e

S €

S 100 &

@ 8 16 d

g ] N=13 g 1 N=13*

Q 0—T— T T T T T T T T T 1 0 ' ' ' ' ' ' ' ' '

- 0 008 012 016 020 024 028 0 008 0.12 0.16 0.20 0.24

Relative ventricle mass (%)
2.50

)
> {E © o o
g 2.25

g _

S 200
T o _

27
g £ 1754
S5 .
O £
< 3 150

g8 ] r=0.571

g ° Fig. 8. Activities of metabolic enzymesirtol min-lg-lwet mass)
-’; 1.254 with increasing relative ventricle mass (¥@8ntricle mass/body
T 1 N=11* mass) in male rainbow trout. Epicardium, filled circles; endocardium,
< 0 T T T T T T T 1 open circles. Assay conditions are discussed separately for each
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difference between layer®<0.05). A dagger indicates that a slope

Relative ventricle mass (%
©0) differs significantly from zeroR<0.05).

(gonadosomatic index 2.25, relative ventricle mass 0.170ple in growth of the trout heart. These estimates of myocyte
Table 1) contains approximately 1070 million enlargednumbers are much higher than those reported for the rat heart,
myocytes. This 3.5-fold increase in myocyte numbers over thehere a 0.67g ventricle was calculated to contain
observed range of ventricle masses in the present studpproximately 48 million myocytes (Anverss al. 1978).
demonstrates that myocyte hyperplasia plays a consideralfBven the much smaller volume of trout myocytes
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(1233-2751ms3; Table 1) compared with that of normal adult compared with normal ventricles (Fig. 8A), suggesting that
rat myocytes (9960-142@@n3;, Anversaet al. 1978), the hypertrophied ventricles have a lower capacity for glucose
larger total number of myocytes in a similar-sized troutmetabolism. Notably, this 50 % lower HK activity is found in
ventricle is not unreasonable. Our observation that troutentricles with myocytes that have doubled in size and
cardiomyocytes are elliptical in cross section will furtherindicates that total HK activity per myocyte may remain
influence estimations of myocyte hypertrophy and hyperplasieonstant. The reduced HK activity in enlarged ventricles may
during cardiac growth in trout. Clearly, assuming that troutlso represent a simple dilution of normal HK activity through
myocytes are circular in transverse cross section (Fetrall  expansion of myocyte volume, rather than active
1988; Rodnick and Sidell, 1997) will overestimate myocytedownregulation of HK expression. Our observation that the
volumes in fishes (Fig. 7) and underestimate the contributioactivities of PK (Fig. 8B) and LDH (Fig. 8C), both of which
of myocyte hyperplasia to cardiac growth. serve as indicators of anaerobic flux capacity (Driedzic, 1992),
Is there a functional reason why cardiac growth in troutemain unaltered during sexual maturation supports the active
differs from that in mammals? The lack of a transverse tubulmaintenance of glycolytic capacity in hypertrophied ventricles
network (Santer, 1985), the central positioning of mosof trout. Because LDH also catalyses the oxidation of lactate
mitochondria in fish cardiomyocytes (Rodnick and Sidellto pyruvate for further energy production, this may also reflect
1997), along with a strong dependence of contractil@ maintenance of catalytic capacity for another important
performance on extracellular €gHove-Madsen and Gesser, metabolic fuel.
1989), may represent important constraints on myocyte Our observations concerning changes in the activities of
volumes in trout. Presumably, the small size and ellipticametabolic enzymes with ventricular hypertrophy in male
transverse shape of trout cardiomyocytes obviate the increasednbow trout do not agree entirely with previous studies of
surface area-to-volume ratio that would result with a T-tubulacardiac energy metabolism in fishes. As in the present study,
network. Sole dependence on myocyte hypertrophy for norm&wart and Driedzic (1987) demonstrated that ventricles of
ventricular growth in fishes could be maladaptive, resulting irmature Atlantic salmon and brook trout have higher activities
myocytes with reduced surface areas for diffusion of smalbf CS and HOAD compared with immature conspecifics.
molecules. A reduction in the capacity for diffusion couldHowever, unlike the present study, they observed increased
possibly lead to decreased contractile performance, as calK activity with maturity. Likewise, cold-temperature
occur in mammals with ventricular hypertrophy and cardia@cclimation, which results in increased relative ventricle mass

failure (Hamrell and Alpert, 1986). in many teleosts, is often associated with increased activities
_ _ of aerobically poised enzymes, including HK, in cardiac
Cardiac energy metabolism muscle (Driedzic, 1992; Rodnick and Sidell, 1997).

We demonstrate for the first time that ventricularComparisons with cardiac hypertrophy in mammals emphasize
hypertrophy induced by sexual maturation results in alterethat trout myocardium exhibits potentially unique changes in
maximal activities of metabolic enzymes in trout ventriclesenergy metabolism as ventricles hypertrophy. Volume-
suggesting that overall cardiac energy metabolism adjusts forverload (e.g. endurance exercise) in mammals results in
hypertrophy of ventricular myocytes. The results for CScardiac hypertrophy but does not change mass-specific enzyme
(Fig. 8D) and HOAD (Fig. 8E), qualitative markers of activities (Laughlin et al. 1991). Pressure-overload (e.g.
maximal aerobic capacity and fatty acid oxidative capacityhypertension), resulting in a non-failing hypertrophied heart in
respectively (Driedzic, 1992), imply that maximal rates ofrats, is associated with decreased HOAD and increased HK
aerobic energy metabolism, and fatty acid oxidation iractivities, with similar alterations in the respective oxidative
particular, are augmented as ventricles hypertrophy duringathways (Allardet al. 1994; Christe and Rogers, 1994).
sexual maturation. The increased potential for oxidative energyfowever, the failing mammalian heart exhibits a reduced (by
metabolism results from the increased activities of CS (+23 %30 %) expression of HK mRNA and an elevated (by 70 %)
and HOAD (+20%) in the epicardium, but a maintenance ofbundance of lipase mRNA, compared with a non-failing heart,
endocardial activities. This latter response, as well as th&uggesting that the oxidation of lipid fuels is enhanced and that
unchanging activity of endocardial HOAD during ventricularthe maximal rate of oxidation of glucose is decreased
hypertrophy, may represent an important compensatorfRaynoldset al. 1994). Thus, our data suggest that, compared
response, whereby rates of catalysis are held constant despitith other models of cardiac hypertrophy in mammals or
an increase in myocyte volume. It is noteworthy that Kiesslindishes, ventricular hypertrophy during sexual maturation in
et al. (1995) observed similar increases in CS and HOADmale trout results in unique alterations in cardiac energy
activities in axial white muscle of maturing rainbow trout. metabolism.

Measurements of the activity of HK, which catalyses the Finally, our data support the general consensus that the
phosphorylation of intracellular glucose upon entry into thenixed-type ventricular myocardium of fishes exhibits
cardiomyocyte, serve as qualitative indices of glucos¢ransmural differences in energy metabolism. Our results are
oxidation by fish hearts (Driedzic, 1992; Rodnick and Sidellunique, however, in demonstrating that transmural differences
1997). Hypertrophied ventricles of mature male trout exhibitedor some oxidative enzymes (CS, HOAD) decrease with
dramatically lower (50%) HK activities in both layers ventricular hypertrophy. The literature is equivocal with
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respect to transmural CS and HOAD activities in fish hearts, compact and spongious cardiac musculature of c@gpr{nus
but most studies have demonstrated higher endocardial tharcarpio) and turtle Testudo horsfieldli Pflligers Arch343 65-77.
epicardial HK activity (Basst al.1973; Tota, 1983; Ewart and CHRISTE, M. E. AND RoGERS R. L. (1994). Altered glucose and fatty
Driedzic, 1987; Farrellet al. 1990). Similarly, although acid oxidation in_hearts of the spontaneously hypertensivd.rat.
Atlantic salmon (Ewart and Driedzic, 1987) ambnger molec. cell. Cardiol26, 1371-1375. o
conger (Tota, 1983) appear to have higher endocardiaPAV'E’ P._S.AND THORARENSEN H. (1997). Heart growth in rainbow
activities of LDH, studies in carp (Bast al. 1973) and :;c;ut:] It'gstor;Z?g:;fomto B%XC%%?QOEE S}fﬁ‘;zteggi%%ndu 17-
rainbow trout (Poupat al. 1974; Farrellet al. 1990) have DRIEDZIé W R, (1992)I.O.Cardiac 'ene?/gy metabolism. Fish
indicated that no transmural difference exists. The lack of ppysigiogy vol. 12A (ed. W. S. Hoar, D. J. Randall and A. P.
transmural differences in PK and LDH activities in this study Farrell), pp. 219-266. New York: Academic Press.
and PK in Atlantic salmon (Ewart and Driedzic, 1987) suggestswart, H. S. anp DRiEbzic, W. R. (1987). Enzymes of energy
that anaerobic capacity is similar between myocardial layers, metabolism in salmonid hearts: spongysuscortical myocardia.
regardless of the degree of sexual maturity, in salmonids. We Can. J. Zool65, 623-627.
conclude that the capacity for oxidative metabolism of botHrARRELL, A. P., MacLeoD, K. R. AND CHANCEY, B. (1986). Intrinsic
fatty acids and glucose may be higher in the endocardium of mechanical properties of the perfused rainbow trout heart and the
male rainbow trout than in the epicardium, but that both layers effects_of ;atecho_lz_imines and.extracellular calcium under control
have similar capacities for anaerobic metabolism. Aiggi‘cfoﬂf C&”’\?’\'At(')%?' KXFI)\)l B'&iﬁiﬁﬂﬂl\a—?’sﬂ'im Teas. G
. We have con.flrmed that sexual maturatllon in male trpult: F. (19,88). C;ardiac grO\’/vth in r’ainbow tr,oﬁialmo gairdneriéan.
increases ventricular mass out of proportion to body size. J. Z00.66, 2368-2373.
Gonadal maturation is positively correlated with a more that&ARRELL, A. P., DHANSEN, J. A., SEFFENSEN J. F., Mbves, C. D.,
twofold increase in ventricle mass, which results entirely from \west, T. G.anD Suarez, R. K. (1990). Effects of exercise training
cardiomyocyte hypertrophy. However, unlike the heart of and coronary ablation on swimming performance, heart size and
postnatal mammals, normal growth of the trout heart must be cardiac enzymes in rainbow tro@ncorhynchus mykis€an. J.
supported by myocyte hyperplasia, which probably occurs Zool. 68, 1174-1179.
during or after gonadal regression. Myocyte hyperplasigfiTzPATRICK, M. S., GiLE, W. L. AND ScHRECK, C. B. (1994). Binding
together with the maintenance of the elliptical transverse shapecharacteristics of an androgen receptor in the ovaries of coho
of myocytes, may reflect a physiological requirement to salmon,Oncorhynchus kisutclGen. comp. Endoc95: 399-408.
maintain short diffusion distances for small molecules in troufRANKLIN, C. E.AND DAVE, P. S. (1992). Sexual maturity can double
cardiomyocytes. Ventricular hypertrophy results in an I;ga}rtln;asi,azni:grdlac power output in male rainbow Toekp.
increased proportion of epicardium relative to endocardiunFRAfAM, ,j S.A;D FA.RRELL, A. P. (1989). The effect of temperature
Citess a5 ventrcular diameter nereases. The cramatc decreasi malen and adrenaine on theperformanc of @ perfused ou
in endocardial and epicardial HK activities, and concomitangganam, M. S.AND FARRELL, A. P. (1992). Environmental influences
increase in epicardial HOAD activity in hypertrophied on cardiovascular variables in rainbow tradhcorhynchus mykiss
ventricles, represents a possible shift in fuel preference with (Walbaum).J. Fish Biol 41, 851-858.
ventricular hypertrophy. HAMRELL, B. B. AND ALPERT, N. R. (1986). Cellular basis of the
mechanical properties of hypertrophied myocardiuniHa Heart
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