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Abstract

Cardiorespiratory performance segregates into rat strains of inherited low- and high-
capacity runners (LCRs and HCRs); during adulthood, this segregation remains stable,
but widens in senescence and is followed by segregated function, health, and mortality.
However, this segregation has not been investigated prior to adulthood. We, therefore,
assessed cardiorespiratory performance and cardiac cell (cardiomyocyte) structure-
functionin 1- and 4-month-old LCRs and HCRs. Maximal oxygen uptake was 23% less in
LCRs at 1-month compared to HCRs at 1-month, and 72% less at 4 months. Cardiomy-
ocyte contractility was 37—56% decreased, and Ca?* release was 34—62% decreased,
in 1- and 4-month LCRs versus HCRs. This occurred because HCRs had improved
contractility and Ca%* release during maturation, whereas LCRs did not. In quiescent
cardiomyocytes, LCRs displayed 180% and 297% more Ca®* sparks and 91% and 38%
more Ca%* waves at 1 and 4 months versus HCRs. Cell sizes were not different between
LCRs and HCRs, but LCRs showed reduced transverse-tubules versus HCRs, though
no discrepant transverse-tubule generation occurred during maturation. In conclusion,
LCRs show reduced scores for aerobic capacity and cardiomyocyte structure-function
compared to HCRs and there is a widening divergence between LCRs and HCRs during

juvenile to near-adult maturation.
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in isolation the evidence may appear circumstantial. In experimental

animals, the evidence is clearer and comes from studies of two-way

Divergence for inherited or intrinsic aerobic running or exercise capac-
ity creates cohorts that are characterized by different parameters of
whole-body exercise capacity as well as properties of skeletal muscle,
vasculature, and the heart. In humans, this is a complex scenario but
can be delineated from studies that show aerobic exercise capacity to

strongly affect physiological, health, and mortality outcomes,* ¢ albeit

artificial selection and breeding over generations, which has created

heterogeneous cohorts of laboratory rats that segregate into low- and

high-capacity runners (LCRs and HCRs, respectively).” ~10

This two-way paradigm has resulted in rat LCR and HCR strains that

differ in aerobic capacity by several-fold’ =2 and also demonstrate

10,12-18 10,19

low or high capacities for a number of cardiac, vascular,
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skeletal muscle,?® neural and cognitive,21?2 metabolic,10-2324
inflammation,’® genetic,2°2¢ carcinogenesis,?’ health,?— 11181928
and mortality!823 indices. In particular, the cardiometabolic health
indices differ widely between LCRs and HCRs, to the degree that
while HCRs develop an athletic phenotype, LCRs resemble a metabolic
syndrome phenotype and show signs of mild cardiac pathology, as
evidenced by visceral obesity, insulin resistance, elevated triglycerides,
dyslipidemia, hypertension, reduced heart function, and development
of mild concentric myocardial hypertrophy.1%1417.18 These LCR-HCR
differences are inborn and not caused by experimental genetic manip-
ulation or other interventions such as exercise training,”® albeit they
may affect the outcome of exercise training interventions.2? Thus, the
phenotypic differences between LCRs and HCRs have evolved and
enriched over time due to continued selective breeding over many
generations and are, therefore, genetic in origin, and as such, create a
useful model to investigate intrinsic characteristics in widely different
genetic backgrounds.

However, the available studies of LCR and HCR differences only
have been conducted after a rat has reached adulthood” ~28 or senes-

cence and old age, 418

while the phenotypic segregation shortly after
birth and during development from early life to adulthood has not
yet been investigated. Hence, it remains unknown when in the lifecy-
cle the observed differences first occur and how they behave during
the normal biological development of the maturation that occurs from
weanling to adulthood. Thus, it becomes important to assess (i) differ-
ences in juvenile or very young LCR and HCR rats, and (ii) assess the
divergence of phenotype characteristics from early life to adult stages.

This study, therefore, examined LCR and HCR rats as juveniles (1
month) and approaching adult maturity (4 months), with no differ-
ence in the interim environment in which the animals matured. We
assessed parameters of cardiomyocyte cell size and architecture, sys-
tolic and diastolic Ca2+ handling, and contractile function, as well as
maximal oxygen uptake (VO,.x) as a measure of whole-body aerobic
and global cardiorespiratory capacities. Cardiomyocyte structure and
function was specifically investigated because previous studies have
reported clear and profound differences between LCRs and HCRs after
reaching full adulthood.10.14~18.26

MATERIALS AND METHODS
Animals

We used male rats of ages 1 or 4 months from generation 16 of LCRs
and HCRs origin (LCRs-1 mo, n = 5; LCRs-4 mo, n = 6; HCRs-1 mo, n
= 5; HCRs-4 mo, n = 6; for simplicity, 1 and 4 mo are referred to as
young and adult), following artificial selection and breeding to create
heterogeneous cohorts that widely segregate into low and high aerobic
exercise capacity (LCRs and HCRs, respectively), from a founder popu-
lation of N:NIH rats, as previously described.”~1° Due to the low avail-
ability of subject numbers, male rats were exclusively used to enhance
within-group homogeneity. All animals were housed in the same envi-
ronment with a 12-h light:dark cycle (lights on 1800/off 0600) at room

temperature 22+1°C and ad libitum water and pellet rodent chow. All
procedures were approved by the Institutional Review Board (Norwe-
gian University of Science and Technology 129/4/03) and carried out in
accordance with the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health Publication No. 85-23, revised 1996).

VO2ma|x

Anincremental running exercise test was conducted on a custom-made
25° (47%) inclined treadmill inside a metabolic chamber, with running
speed increased to 0.03 m/s every 2 minutes A single rat was tested
at a time. Treadmills were ~60 cm long, and normal running pattern
and behavior consisted of rats typically running as far forward as they
could in the top one third of the treadmill, which was also darkened for
comfort (see Figure S1 for illustration of the treadmill). When fatigue
set in, they started to drop back. At the bottom end of the treadmill,
we would apply a small, mild electric shock via an electric grid placed
behind the treadmill belt that induced unpleasantness but not pain,
which stimulated continued running unless the rats reached fatigue. If
this dropping-back behavior continued and became frequent (between
three to five times per minute), the exercise test was concluded. Ambi-
ent air (0.5 L/min) was fed through the chamber, and gas samples were
analyzed for oxygen and carbon dioxide. To control for the effects of

differing body masses (M), VO max Was allometrically scaled to My, %73,

Cardiomyocyte contractility and Ca%* cycling

Left ventricular cardiomyocytes were isolated after rapid excision dur-
ing diethyl ether anesthesia, in a modified Krebs—Henseleit Ca*-free
solution containing collagenase Il (250 IU/mL, Worthington), bovine
serum albumin (Sigma Aldrich), and with the stepwise introduction of
CaCl, to 1.2 mM. Cardiomyocytes were then rested for 1 hin a HEPES-
buffer before 20 min loading with 2 uM Fura-2/AM (Molecular Probes,
Life Technologies) and placement in a cell chamber on an inverted
microscope equipped with a40x/1.3 numerical aperture oil-immersion
objective (Diaphot-TMD, Nikon) and electrically 1 Hz twitch field-
stimulated from platinum electrodes with 5 ms pulses. Temperature
remained at 37°C. Contractility, taken as cell shortening and relax-
ation, was measured with video/edge-detection (Model 104, Crescent
Electronics), while global cell Ca2+ cycling was measured after 500 Hz
alternating excitation light 340/380 nm and epifluorescence emission
collection at 510 nm with a photomultiplier tube (D-104, Photon Tech-
nology International), with the signal expressed as the ratio of the
two excitation wavelengths. Ten steady-state consecutive contractions

were analyzed in 5-10 cells/animal.

Quiescent Ca2t sparks and waves

As a measure of diastolic CaZ* handling, left ventricular cardiomy-

ocytes were isolated and prepared as described above, but incubated
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for 20 min with Fluo-3/AM (2 uM; Molecular Probes) and resuspended
in either 1.8 or 5.0 mM extracellular Ca2+ concentration ([CaZt]) to
stimulate Ca2* sparks (1.8 mM) and waves (5.0 mM), respectively,
before being placed onto a confocal microscope (Axioplan 100-M
LSM510, Carl Zeiss) equipped with an LSM 510 laser scanner and
a plan-apochromat 63x/1.4 numerical aperture oil-immersion objec-
tive. Continuous 2 ms linescan recordings were obtained along the
longitudinal axis with a 1.0 airy unit pinhole diameter yielding an
XYZ resolution of ~0.5x0.5x0.8 um, after excitation with a 488 nm
Argon laser and fluorescence emission collection at 505-530 nm
with a photomultiplier tube. Laser intensity was minimized, while
photomultiplier tube gain was increased in order to reduce photo-
damage and light-induced Ca2* release events. This introduces some
noise, but the recordings were subsequently filtered. Image process-
ing and analysis was done by custom-made software (Delphi), whereby
Ca?* release events (sparks and waves) were analyzed relative to
baseline (F/Fg). CaZ* waves were defined by their point of origin,
such that multiples originating simultaneously were categorized and
analyzed separately. Five to 10 cells/animal were analyzed for each

measurement.

Transverse (T)-tubules and cell dimensions

For cellular structure and architecture, left ventricular cardiomyocytes
were isolated and prepared as described above and incubated for 20
min with Di-8-ANEPPS (10 uM; Molecular Probes). To quantify T-
tubules, a confocal Z-stack frame scanned with 1 um vertical steps
throughout the cell was used, with the same microscope parame-
ters described above. This generated 512x512 pixel XY images. Using
custom-made applications in IDL6.0 (ITT Visual), we then analyzed rel-
ative T-tubule density normalized to cell size from 10 images/cell from
the interior of the cell by counting pixels stained with dye relative to
total pixels, after excluding pixels associated with surface membrane or
lying outside the cell boundary. Five to 10 cells/animal were analyzed.
Also, from 20 to 30 cells/animal, we measured cell length and midpoint
width with a calibrated microscope caliper.

Statistics

Data are expressed as mean + standard deviation. Because of the
low sample size of animals, nonparametric statistical analysis was
employed (SPSS version 27, IBM). Between-group effects were eval-
uated by a Kruskal—Wallis test with a Dunn’s post-hoc test. Group-
stimulation frequency effects were evaluated by a two-way ANOVA
after data transformation to ranks and with a Games—Howell post-
hoc test that does not assume equal variances or sample sizes.
Significance level was p<0.05 and effect size (ES) was evaluated by
the product-moment r = z/\/N, where z is the standardized test
statistic and N is the total number of observations in the pairwise

comparison.
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FIGURE 1 Comparison of maximal oxygen uptake (VOypay) in
young (1 mo) or adult (4 mo) low or high capacity runner rats (LCRs
and HCRs, respectively). Statistical analysis: Kruskal—Wallis with
Dunn’s post-hoc test.

RESULTS
VO,max and My

We measured whole-body aerobic cardiorespiratory capacity via
VOymax, Measured by an incremental running exercise test. There
was a significant effect of group (H(3) = 17.789, p<0.001; Figure 1).
Young HCRs had 23% greater VO,,,.x compared to LCRs (p = 0.031,
r = 0.62). In HCRs, VOyay remained unaltered throughout matura-
tion from young to adult (p = 0.992), but in LCRs, it decreased by
17 mL/kg%75/min (40%, p = 0.024, r = 0.42), leading to widening diver-
gence that in adults accounted for a 72% difference (p<0.001, r = 1.04)
between LCRs and HCRs.

There was a significant effect on My, (H(3) = 18.224, p<0.001). In
young, no My, differences were present (LCRs: 80 + 4 g and HCRs: 80 +
6 g, p = 1.000). At adult age, both strains had increased M, but LCRs
was significantly greater (LCRs: 415 + 23 g, HCRs: 320 + 16 g, p =
0.017).

Cardiomyocyte contractility

Both LCRs and HCRs presented with normal contraction-relaxation
characteristics (see example traces in Figure 2A). However, contrac-
tion magnitude, measured as fractional shortening, differed between
groups (H(3) = 18.127, p<0.001). It was significantly larger in HCRs
than LCRs, 37% in young (p = 0.027, r = 0.70) and 56% in adult (p
= 0.002, r = 0.99; Figure 2B). The expanding young-to-adult differ-
ence between LCRs and HCRs was caused by the increase from young
to adult HCRs by 21% (p = 0.041, r = 0.42), whereas no age-change
occurred in LCRs (p = 0.544).
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FIGURE 2 Comparison of twitch-stimulated cellular contraction-relaxation in young (1 mo) and adult (4 mo) low or high capacity runner rats
(LCRs and HCRs, respectively). (A) Example traces of contraction-relaxation cycles, 1 Hz stimulation; horizontal bar indicates time scale of
contraction-relaxation and vertical bar indicates magnitude of contraction-relaxation, measured as fractional (%) shortening from relaxed cell
length. (B) Percent fractional shortening. (C) Time to 90% (T90) contraction. (D) T90 relaxation. (E) Change in percent fractional shortening 1-2 Hz
stimulation. *p<0.05, HCRs versus LCRs; #p<0.05, HCRs-4 mo versus HCRs-1 mo. (F) Change in T90 relaxation 1-2 Hz stimulation;
frequency-dependent acceleration of relaxation (FDAR). *p<0.05 HCRs versus LCRs. Statistical analysis for panels B-D: Kruskal—Wallis with
Dunn’s post-hoc test. Statistical analysis for panels E-F: two-way ANOVA after rank transformation with Games—Howell post-hoc test.

T90 contraction was not different between LCRs and HCRs nor did
it change during maturation (H(3) = 4.673, p = 0.260; Figure 2C). How-
ever, group effects were identified for T90 relaxation (H(3) = 11.075,
p = 0.011). T90 relaxation tended to be faster in HCRs compared to
LCRs, 14% (p=0.082,r =0.25) inyoung and 29% (p =0.017,r=0.93) in
adults, respectively, whereas it did not change with maturationin either
HCRs (p =0.109) or LCRs (p = 0.445; Figure 2D).

Cardiomyocyte Ca?* cycling

Similar to contractility, both LCRs and HCRs presented with nor-

mal CaZ* cycling characteristics (see example traces in Figure 3A);

however, twitch-stimulated transient Ca2+ release amplitude, which
assesses the amount of CaZ* release, differed between groups and
was larger in HCRs than LCRs (H(3) = 19.241, p<0.001; Figure 3B).
Specifically, Ca2+ transient amplitude was 34% larger in young HCRs
compared to young LCRs (p = 0.039, r = 0.82) and 62% larger in adult
HCRs compared to adult LCRs (p = 0.003, r = 0.87). Similar to con-
tractility, the expanding young-to-adult difference between LCRs and
HCRs was caused by Ca?* transient amplitude increasing 36% from
young to adult HCRs (p = 0.026, r = 0.42), whereas no age-change was
observed in LCRs (p = 0.325).

Ninety percent rise time (T90) was not significantly different
between LCRs and HCRs nor did it change during maturation (H(3) =
4.836, p = 0.204; Figure 3C). There was a significant effect on T90
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FIGURE 3 Comparison of twitch-stimulated intracellular Ca2* handling in young (1 mo) and adult (4 mo) low or high capacity runner rats
(LCRs and HCRs, respectively). (A) Example traces of intracellular Ca2* transients, 1 Hz stimulation; horizontal bar indicates time scale of Ca2*
handling and vertical bar indicates magnitude of CaZ* release, measured as arbitrary units (AU) of CaZ*-sensitive fluorescence. (B) CaZ* transient
amplitude. (C) Time to 90% (T90) peak Ca2+. (D) T90 Ca2+ decay. (E) Change in CaZ* transient amplitude 1-2 Hz stimulation. *p<0.05, HCRs
versus LCRs; #p<0,05, HCRs-4 mo versus HCRs-1 mo. HCRs-1 mo versus LCRs-1 mo, p = 0.041; HCRs-4 mo versus LCRs-4 mo, p = 0.016. (F)
Change in T90 CaZ* decay 1-2 Hz stimulation; frequency-dependent acceleration of CaZ* transient decay. *p<0.05, HCRs versus LCRs.

HCRs-1 mo versus LCRs-1 mo, p = 0.042; HCRs-4 mo versus LCRs-4 mo, p = 0.027. Statistical analysis for panels B-D: Kruskal—Wallis with Dunn’s
post-hoc test. Statistical analysis for panels E-F: two-way ANOVA after rank transformation with Games—Howell post-hoc test.

decay time (H(3) = 9.456, p = 0.016; Figure 3D). T90 in adult HCRs
displayed a 19% (p = 0.025, r = 1.07) faster Ca2* transient decay com-
pared to adult LCRs. T90 did not change in young compared to adult
LCRs (p = 0.635), but there was a trend toward a decrease from young
to adult HCRs (11%, p = 0.067,r =0.55).

Frequency-dependent contractility and Ca%* cycling

We found a significant effect on frequency-dependent gains (F(3,18)
= 17.414, p<0.001) by increasing twitch-stimulations from 1 to 2 Hz.

There were significantly larger frequency-dependent gains in HCRs
compared to LCRs and also significant improvements from young to
adult HCRs, but not LCRs. Specifically, we observed a gain in fractional
shortening during the 1-2 Hz step, with 0.66 percentage points more in
young HCRs compared to young LCRs and 0.76 percentage points more
in adult HCRs compared to adult LCRs. This frequency-dependent
gain was also statistically significant from young to adult HCRs, but
not LCRs (p = 0.556; Figure 2E). Frequency-dependent acceleration
of relaxation was also more pronounced in HCRs compared to LCRs
(F(3,18) = 11.016, p = 0.031) by 15 ms, but no maturation effects

occurred (Figure 2F).
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FIGURE 4 Comparison of quiescent Ca2* release events in young (1 mo) and adult (4 mo) low or high capacity runner rats (LCRs and HCRs,
respectively). (A) Example traces of confocal linescan recordings displaying Ca2+ sparks. (B) CaZ* spark frequency. (C) CaZ* spark amplitude. (D)
Example traces of confocal linescan recordings displaying CaZ* waves. (E) Ca2t wave frequency. (F) Ca2t wave amplitude. Statistical analysis:
Kruskal—Wallis with Dunn’s post-hoc test. Abbreviation: AU, arbitrary units of Ca2*-sensitive fluorescence.

Ca?* transient amplitude also increased during the 1-2 Hz step
(F(3,18) = 13.374, p = 0.008). CaZ* transient amplitude was 0.02 arbi-
trary units (AU) more in young HCRs compared to young LCRs and
0.04 AU more in adult HCRs compared to adult LCRs. This frequency-
dependent gain from young to adult reached statistical significance in
HCRs but not in LCRs (p = 0.944; Figure 3E). Frequency-dependent
acceleration of Ca?* transient decay was also more pronounced in
HCRs compared to LCRs (F(3,18) = 12.554, p = 0.022) by 70-100 ms,
while no maturation effects occurred (Figure 3F).

CaZ* sparks and waves

Ca?* release events were also assessed in quiescent cardiomyocytes
residing in either 1.8 or 5.0 mM extracellular [CaZ*]. 1.8 mM [CaZ*]
generated frequent sparks and only minimal waves (see example
recordings Figure 4A), whereas 5.0 mM [CaZ*] generated minimal
sparks and frequent waves (see example recordings Figure 4D). There
was a significant effect on Ca?* spark frequency (H(3) = 17.020, p
= 0.004; Figure 4B). Young LCRs displayed 180% more sparks com-
pared to young HCRs (p = 0.039, r = 0.62), and adult LCRs displayed
297% more CaZ* sparks compared to adult HCRs (p = 0.009, r = 1.03).
There was no significant effect on spark amplitude (H(3) = 5.037,p =

0.167; Figure 4C). There was a significant effect on CaZ* waves (H(3) =
18.237, p = 0.002; Figure 4E). Young LCRs displayed 91% more Ca2*
waves compared to young HCRs (p<0.001, r = 1.19) and adult LCRs
displayed 38% more Ca2+ waves compared to adult HCRs (p = 0.017,
r = 0.57). There was no significant effect on wave amplitude (H(3) =
3.717, p = 0.294; Figure 4F). Albeit the LCR—HCR differences were
more pronounced in adult versus young, no further significant discrep-
ancies in maturation from young to adult within either LCRs or HCRs
were observed for either Ca2+ sparks or waves (all p>0.05). Half-width
and half-duration of CaZ* sparks as well as velocity, half-rise, and half-
decay of Ca?+ waves were also analyzed, but did not differ between
LCRs and HCRs or between young and adult (all p>0.05).

Cell morphology

Cardiomyocyte sizes were assessed. There was a weak, general trend
toward shorter and wider cardiomyocytes in LCRs compared to HCRs,
and a trend indicating that young cardiomyocytes had reached full or
near-full development (Figure 5A,B). However, LCRs and HCRs were
not different, and although there was a general trend for increased size
from young to adult, this also did not reach statistical significance (cell
length: H(3) = 5.887, p = 0.190; cell width: H(3) = 4.077,p = 0.253).
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T-tubules

Finally, we assessed T-tubules (see example recordings in Figure 5C).
We found a significant effect on T-tubules (H(3) = 17.882, p = 0.007;
Figure 5D). Young LCRs presented with 20% reduced T-tubule density
compared to young HCRs (p = 0.05, r = 0.48), and adult LCRs presented
with 14% reduced T-tubules compared to adult HCRs (p = 0.031, r =
0.56). In both LCRs and HCRs, T-tubules were not yet fully formed in
young, with a 33% increase from young to adult LCRs (p = 0.023,r =
0.69) and a 27% increase from young to adult HCRs (p = 0.01,r =0.77).

DISCUSSION

It has been well established that high aerobic exercise capacity
is physiologically characterized by higher function of, among oth-
ers, cardiac contractile parameters both in the cell and the whole
organ.39=32 Although debate continues as to how much of this
is inherited or acquired (nature versus nurture), human3334 and
experimental?6-32:36 genetic association studies and the current LCR-
HCR model system” 102629 have convincingly shown that a robust
inherited component prevails that also at least partly explains the phe-
notype segregation between those that score for low and those that

score for high exercise capacity. This segregation extends to senes-

cence and aging,'*18 but has as of yet not been shown in individuals
of younger age. Here, we now show for the first time that inherited
cardiac phenotypic segregation in the perspective of exercise capac-
ity is already observable shortly after birth and widens from young to
adult.

Divergence across lifespan

We have previously published an account of segregation observed
in the same parameters as in the current study, in comparable gen-
erations of the LCR-HCR model system: previously in generations
14, 15, 17, 21,** and 22,18 as well as in generation 16 in the cur-
rent study. The overlap between generations renders compatibility
between studies. These observations showed that HCRs, in contrast
to LCRs, present with superior cardiac characteristics that overall
lead to better functionality, exercise capacity, health, and even a 45%
longer lifespan.® Data from adult animals in the current study are in
agreement with these and other'%12-17 findings at a cardiomyocyte
structure-function level; specifically, cell sizes indicated the beginnings
of mild concentric hypertrophy in LCRs, which was absent in HCRs,
and LCRs and HCRs segregated for T-tubules, intracellular Ca?* cycling
and handling, and contractility, all suggesting an inherited cardiac phe-

notypic segregation. However, so far, phenotypic segregation has only
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been characterized in adult or older animals, but with the current
study, we extend this perspective into the realm of adolescent matu-
ration from juvenile (1 month old) to near-full maturity and adulthood
(4 months old), and thus we are in a position to theorize across the
full lifespan. Based upon the current and previous'® observations, we

note:

(i) The current study shows that the phenomenon of inherited
cardiac phenotypic segregation in the LCR-HCR model system
already manifests itself shortly after birth.

(ii) The systematic increase in ES (and relative differences) between
LCRs and HCRs when comparing first young and then adults sug-
gests that there is a widening divergence between LCRs and HCRs
occurring during maturation from young to adult. This has not
previously been observed. Thus, the magnitude of LCR-HCR phe-
notypic differences, at least in the heart, establish themselves
during adolescent maturation where they are subject to widening
divergence.

(ili) Our data also indicate that LCRs, in contrast to HCRs, have a lim-
ited capability to improve inborn function while maturing from
young to adult, whereas HCRs undergo significant improvements
in the same parameters during the same maturation period.

(iv) The combined characterizations suggest that, in individual ani-
mals, functional parameters of LCRs and HCRs substantially do
not diverge any further during the course of adulthood.

(v) Once in senescence and old age, deterioration of function
(and health) follows different paths where widening divergence
between LCRs and HCRs again reoccurs, with the decline in car-
diac function in LCRs quantitatively amounting to twice that of
HCRs, and which ultimately closely associates with earlier death
and shorter lifespanin LCRs.

These points of a lifelong divergence between LCRs and
HCRs, obtained from the current study and previous comparable
observations,'® indicate different paths of divergence between LCRs
and HCRs across different stages of the lifecycle. These paths are
summarized in Figure 6, with points i—v illustrating the corresponding
points made above, while the smaller panels indicate that the major-
ity of, but not all, parameters measured in the current study show

widening divergence from young to adult maturation.

Mechanisms and implications of divergence

Taken together, the available evidence from this and previous studies'8
suggests that functional segregation and divergence in the heart and
heart muscle cells is a life-long and ever-present feature in the LCR-
HCR model; inherited, but subject to change throughout different
phases of life: widening through adolescent maturation, stably diver-
gent through adulthood, and yet again widening in senescence and old
age. In the phases of widening divergence, this appears to be primarily
caused by LCRs not improving function at all or improving at a lower

rate than HCRs during adolescence and worsening of function at a

greater rate than HCRs during senescence. During the latter, HCRs also
reduce function, but less and at a lower rate than LCRs. A biological
causal mechanism for the different paths that LCRs and HCRs display
has not yet been identified, but in addition to inherited factors, a con-
tribution may also come from self-governed physical activity. We have
previously shown that LCRs and HCRs do not show a statistically sig-
nificant difference in physical activity levels, but measurements in 24
h-metabolic chambers indicated a difference, showing that HCRs dis-
played increased activity (ES 2.20) and increased energy expenditure
(ES0.76).18

The majority, but not all, of the measured parameters indicated
widening divergence between LCRs and HCRs during maturation from
young to adult. Exceptions include, first, spontaneous Ca2?* waves
where widening divergence does not occur, but these were measured
at experimental conditions of high extracellular [CaZ*] (5.0 mM), which
predictably provoke CaZ* waves to allow for measurements but do not
occur in vivo. Importantly, differences in frequency of CaZ* release
events (i.e., sparks and waves) were not offset by different charac-
teristics of individual events that might otherwise have canceled the
increased CaZ* leak in quiescence or diastole, which is in line with
previous observations.1*18 Second, T-tubules are structurally under-
developed in LCRs, but form at nearly the same rate as HCRs during
maturation. Third, LCRs show across the lifespan signs of pathologic
cardiomyocyte remodeling. In old age, this is obvious,'® but in 15- to
20-month-olds and thus toward the end of adulthood, the pathology
is only starting to emerge with signs of mild concentric hypertrophy in
the cell.1:18 |n 4-month-olds, this is even less obvious. Hence, much
of the morphological and structural abnormalities in LCRs emerge in
later life, whereas functional Ca2* and contractile impairments already
manifest at ayoung age. In contrast, HCRs do not develop overt cellular
pathology at all, as observed here and previously.'*18

These findings of divergent cardiac phenotypes across the lifespan
may have repercussions for heart health, especially in senescence, and
as we hypothesize may be translationally linked to aerobic capacity. If
so, this would be expected as such links have already been observed
in other scenarios®? and underscore the previously reported impor-
tance of oxygen metabolism.1~¢ Appreciation of widening divergence,
therefore, also has potentially important implications for the timing
of interventions to reduce heart impairments or abnormalities. Such
interventions have tended to address adult and older populations,3’
but since impairments or abnormalities may start in early life, targeting
younger populations may also be appropriate. One such intervention
is physical activity and exercise. In the current scenario of aerobic
capacity-linked dysfunctions, regular physical activity and exercise has
been demonstrated to be a very effective intervention for improving

1-6,30-33,37

physiologic and health parameters and ameliorating low

10.1517.19.26 and it may be beneficial to

fitness-related impairments,
introduce regular physical activity to a greater extent at a young age.
This has also been advocated for by clinical trials evidencing both long-
term benefit and safety of introducing added levels of physical activity
to children.30-38

As indicated above, a mechanism that explains the blunted car-

diomyocyte development and maturation in LCRs versus HCRs and the
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Illustration of divergence in cardiac cellular function between low or high capacity runner rats (LCRs and HCRs, respectively) across

lifespan, as suggested by observations in current and previous study (see Ref. 18). The observations indicate divergence appearing at or shortly
after birth, widening divergence through adolescence, statically maintained divergence through adulthood, and widening divergence reappearing
through decline in senescence and old age. Roman numerals refer to points made in discussion. Panels above show widening LCR-HCR divergence
in the majority, but not all, individually measured parameters during young (1 mo) to adult (4 mo) maturation.

widening divergence remains unknown, but it appears to be genetic
in origin.”~%28 |dentifying this genetic mechanism would be desir-
able. As such, genome-wide sequencing or screens may potentially find
genotypic targets that are linked to the observed phenotype, and this
may generate testable hypotheses for further study. However, there
is also an obvious and potential role for mitochondria in the matu-
rational divide between LCRs and HCRs. Mitochondria are primarily
responsible for the transfer of energy by adenosine triphosphate, but
besides energy transfer, mitochondria also mediate a myriad of biolog-
ical functions including control of DNA, reproduction, apoptosis, and
numerous pathological disorders ranging from neurodegeneration to
cancer.”~? Mitochondria have already been linked to life-long health in
this model system.2® Moreover, since widening divergence is inherited,
it is also a cause for the corollary and continuing widening divergence
that is also observed between LCR and HCR cohorts across increas-
ing generations following continued two-way artificial selection and
breeding.”?11.12.39 Thjs explains why LCRs and HCRs displayed similar
aerobic and functional capacities at the origin of divergence (genera-
tion 0), whereas after ~40 generations of two-way artificial selection
and breeding, this has expanded to a ~10-fold difference.3?4° This
supports the notion of an overarching principle in biology that the

availability of oxygen may also dictate evolution of life.”-39:40

CONCLUSIONS

Previous studies in the LCR-HCR model system have established that
HCRs, distinguished by inherited high aerobic capacity, display supe-

rior cardiac function and performance in both the whole heart and the
heart muscle cell (cardiomyocyte). During senescence and old age, this
discrepancy between LCRs and HCRs widens, with the consequence
that LCRs experience poorer health and shorter lives than HCRs. In
this study, we expanded this perspective of segregated cardiomyocyte
structure-function parameters into the realm of weanling to adulthood
and the maturation that occurs in between. We found that already
at 1-month old HCRs show superior characteristics of cardiomyocyte
structure-function parameters as well as whole-body aerobic capac-
ity and that these characteristics continue to improve and remain high
during maturation, whereas LCRs in comparison display inferior char-
acteristics at the same time points and impaired development during
adolescence, and thus we observed a widening divergence occurring
between young and adult LCRs and HCRs. This overall points to a
robust cardiac function in HCRs and a comparatively frail cardiac func-
tion in LCRs, which has potentially important implications for lifelong
health in those individuals with inherited high or low aerobic capac-
ity, as well as for our understanding of inherited aerobic capacity and
associated traits, including when in life these may manifest themselves.
This, therefore, also partly lends support to the notion of introducing
regular physical activity and exercise in early life. Effectively, it could

be part of the foundation for lifelong health.

AUTHOR CONTRIBUTIONS

0.JK, OE, LGK, S.L.B. and UW. conceived and designed the study.
0.JK,M.AH., PM.H., and UW. performed experiments. O.J.K.and UW.
analyzed the data. All authors interpreted the data, O.J.K. wrote the

85U017 SUOWILIOD BAIER.D 8|qedl|dde 8Ly Aq peusenob ae ssppie YO ‘88N JO Se|nJ 1oy Ariq178UIIUO AB|IA UO (SUORIPUOD-PUB-SWBIALI0D A8 |IM AeIq 1 BU1 [UO//:SANY) SUORIPUOD PUe SWIB | 3U 88S " [7202/80/52] Uo Areiqiiauliuo A8|im ‘Mofise|D JO AseAIUN AQ OETST SeAU/TTTT OT/I0p/L00 A3 1M ARe.d 1 jpuluo'sqndseAu;/:sdiy woy pepeojumod ‘0 ‘2e99672T



10

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

manuscript, all authors edited the manuscript, and all authors gave final

approval and agreed to the submission of the manuscript.

ACKNOWLEDGMENTS
The authors acknowledge the expert care of the animal colonies pro-

vided by the respective animal resource units. For the purpose of open

access, the authors have applied a Creative Commons Attribution (CC

BY) license to any Author Accepted Manuscript version arising from

this submission.

COMPETING INTERESTS

No competing interests exist.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID
Ole J. Kemi ‘& https://orcid.org/0000-0003-1344-9512
PEER REVIEW

The peer review history for this article is available at: https://publons.
com/publon/10.1111/nyas.15130

REFERENCES

1.

Blair, S. N., Kampert, J. B., Kohl, H. W,, 3rd., Barlow, C. E., Macera, C.
A., Paffenbarger, R. S., Jr., & Gibbons, L. W. (1996). Influences of car-
diorespiratory fitness and other precursors on cardiovascular disease
and all-cause mortality in men and women. Journal of the American Med-
ical Association, 276(3), 205-210. https://doi.org/10.1001/jama.1996.
03540030039029

. Blair,S.N.,Kohl,H.W,, 3rd., Paffenbarger, R.S., Jr.,Clark, D. G., Cooper,

K. H., & Gibbons, L. W. (1989). Physical fitness and all-cause mortality.
A prospective study of healthy men and women. Journal of the Ameri-
can Medlical Association, 262(17),2395-2401. https://doi.org/10.1001/
jama.262.17.2395

. Kavanagh, T., Mertens, D. J.,Hamm, L. F., Beyene, J., Kennedy, J., Corey,

P, & Shephard, R. J. (2002). Prediction of long-term prognosisin 12 169
men referred for cardiac rehabilitation. Circulation, 106(6), 666-671.
https://doi.org/10.1161/01.cir.0000024413.15949.ed

. Kokkinos, P, Myers, J., Kokkinos, J. P, Pittaras, A., Narayan, P., Manolis,

A., Karasik, P, Greenberg, M., Papademetriou, V., & Singh, S. (2008).
Exercise capacity and mortality in black and white men. Circula-
tion, 117(5), 614-622. https://doi.org/10.1161/CIRCULATIONAHA.
107.734764

. Myers, J., Prakash, M., Froelicher, V., Do, D., Partington, S., & Atwood,

J. E. (2002). Exercise capacity and mortality among men referred for
exercise testing. New England Journal of Medicine, 346(11), 793-801.
https://doi.org/10.1056/NEJM0a011858

. Newman, A. B., Simonsick, E. M., Naydeck, B. L., Boudreau, R. M,,

Kritchevsky, S. B., Nevitt, M. C., Pahor, M., Satterfield, S., Brach,
J. S, Studenski, S. A.,, & Harris, T. B. (2006). Association of long-
distance corridor walk performance with mortality, cardiovascular
disease, mobility limitation, and disability. Journal of the American Med-
ical Association, 295(17), 2018-2026. https://doi.org/10.1001/jama.
295.17.2018

. Koch, L. G,, & Britton, S. L. (2008). Aerobic metabolism underlies com-

plexity and capacity. Journal of Physiology, 586(1), 83-95. https://doi.
org/10.1113/jphysiol.2007.144709

10.

11.

13.

14.

15.

17.

18.

19.

20.

. Koch, L. G., & Britton, S. L. (2001). Artificial selection for intrinsic

aerobic endurance running capacity in rats. Physiological Genomics,
5(1), 45-52. https://doi.org/10.1152/physiolgenomics.2001.5.1.
45

. Koch, L. G,, & Britton, S. L. (2018). Theoretical and biological evalua-

tion of the link between low exercise capacity and disease risk. Cold
Spring Harbor Perspectives in Medicine, 8(1), a029868. https://doi.org/
10.1101/cshperspect.a029868

Wislgff, U., Najjar, S. M., Ellingsen, O., Haram, P. M., Swoap, S., Al-Share,
Q., Fernstrom, M., Rezaei, K., Lee, S. J., Koch, L. G, & Britton, S. L.
(2005). Cardiovascular risk factors emerge after artificial selection for
low aerobic capacity. Science, 307(5708), 418-420. https://doi.org/10.
1126/science.1108177

Garton, F. C,, North, K. N, Koch, L. G,, Britton, S. L., Nogales-Gadea,
G., & Lucia, A. (2016). Rodent models for resolving extremes of exer-
cise and health. Physiological Genomics, 48(2), 82-92. https://doi.org/
10.1152/physiolgenomics.00077.2015

. Gonzalez, N. C,, Kirkton, S. D., Howlett, R. A, Britton, S. L., Koch, L.

G., Wagner, H. E., & Wagner, P. D. (2006). Continued divergence in
VO,ax Of rats artificially selected for running endurance is mediated
by greater convective blood O, delivery. Journal of Applied Physiol-
ogy, 101(5), 1288-1296. https://doi.org/10.1152/japplphysiol.01527.
2005

Gonzalez, N. C., Howlett, R. A., Henderson, K. K., Koch, L. G,, Britton, S.
L., Wagner, H. E., Favret, F., & Wagner, P. D. (2006). Systemic oxygen
transport in rats artificially selected for running endurance. Respira-
tory Physiology & Neurobiology, 151(2-3), 141-150. https://doi.org/10.
1016/j.resp.2005.09.012

Hgydal, M. A, Stglen, T. O., Johnsen, A. B., Alvez, M., Catalucci, D.,
Condorelli, G., Koch, L. G,, Britton, S. L., Smith, G. L., & Wislgff, U.
(2014). Reduced aerobic capacity causes leaky ryanodine receptors
that trigger arrhythmia in a rat strain artificially selected and bred
for low aerobic running capacity. Acta Physiologica, 210(4), 854-864.
https://doi.org/10.1111/apha.12238

Haydal, M. A,, Wislgff, U., Kemi, O. J., Britton, S. L., Koch, L. G., Smith,
G. L., & Ellingsen, @. (2007). Nitric oxide synthase type-1 modulates
cardiomyocyte contractility and calcium handling: Association with
low intrinsic aerobic capacity. European Journal of Cardiovascular Pre-
vention and Rehabilitation, 14(2), 319-325. https://doi.org/10.1097/hijr.
0b013e3280128bef

. Hussain, S. O., Barbato, J. C., Koch, L. G., Metting, P. J., & Britton, S.

L. (2001). Cardiac function in rats selectively bred for low- and high-
capacity running. American Journal of Physiology-Regulatory Integrative
and Comparative Physiology, 281(6),R1787-R1791. https://doi.org/10.
1152/ajpregu.2001.281.6.R1787

Kemi, O. J,, Hoydal, M. A,, Macquaide, N., Haram, P. M., Koch, L. G.,
Britton, S. L., Ellingsen, O., Smith, G. L., & Wisloff, U. (2011). The
effect of exercise training on transverse tubules in normal, remodeled,
and reverse remodeled hearts. Journal of Cellular Physiology, 226(9),
2235-2243. https://doi.org/10.1002/jcp.22559

Koch, L. G., Kemi, O. J,, Qi, N,, Leng, S. X,, Bijma, P, Gilligan, L. J,,
Wilkinson, J. E., Wislgff, H., Haydal, M. A, Rolim, N., Abadir, P. M., van
Grevenhof, E. M., Smith, G. L., Burant, C. F,, Ellingsen, O., Britton, S. L.,
& Wislgff, U. (2011). Intrinsic aerobic capacity sets a divide for aging
and longevity. Circulation Research, 109(10), 1162-1172. https://doi.
org/10.1161/CIRCRESAHA.111.253807

Haram, P. M., Kemi, O. J, Lee, S. J., Bendheim, M. @., Al-Share, Q. Y.,
Waldum, H. L., Gilligan, L. J., Koch, L. G, Britton, S. L., Najjar, S. M., &
Wislgff, U. (2009). Aerobic interval training vs. continuous moderate
exercise in the metabolic syndrome of rats artificially selected for low
aerobic capacity. Cardiovascular Research, 81(4), 723-732. https://doi.
org/10.1093/cvr/cvn332

Biesiadecki, B. J., Brotto, M. A, Brotto, L. S., Koch, L. G., Britton,
S. L., Nosek, T. M., & Jin, J. P. (2020). Rats genetically selected
for low and high aerobic capacity exhibit altered soleus muscle

251017 SUOWILIOD BAERID B[ [ddke BU) Aq pauLienob 18 31 YO ‘95N JO 3N 10} AIIGI BUIIUO AB]IM UO (SUONPUOD-PUB-SWWLSYLID B |1 AZR1q|[Bu JUO//'ScY) SUORIPUOD PUB SULL L 8L 89S *[1202/60/52] UO ARIqITaulluO A8Im ‘MoBseIS JO A1sinuN A OETST SeAU/TTTT OT/10p/w00 A3 1 ATRIq U1 U0 SANdSeAU//:SdIlY W01y Papeoiumod ‘0 ‘Ze996v.T


https://orcid.org/0000-0003-1344-9512
https://orcid.org/0000-0003-1344-9512
https://publons.com/publon/10.1111/nyas.15130
https://publons.com/publon/10.1111/nyas.15130
https://doi.org/10.1001/jama.1996.03540030039029
https://doi.org/10.1001/jama.1996.03540030039029
https://doi.org/10.1001/jama.262.17.2395
https://doi.org/10.1001/jama.262.17.2395
https://doi.org/10.1161/01.cir.0000024413.15949.ed
https://doi.org/10.1161/CIRCULATIONAHA.107.734764
https://doi.org/10.1161/CIRCULATIONAHA.107.734764
https://doi.org/10.1056/NEJMoa011858
https://doi.org/10.1001/jama.295.17.2018
https://doi.org/10.1001/jama.295.17.2018
https://doi.org/10.1113/jphysiol.2007.144709
https://doi.org/10.1113/jphysiol.2007.144709
https://doi.org/10.1152/physiolgenomics.2001.5.1.45
https://doi.org/10.1152/physiolgenomics.2001.5.1.45
https://doi.org/10.1101/cshperspect.a029868
https://doi.org/10.1101/cshperspect.a029868
https://doi.org/10.1126/science.1108177
https://doi.org/10.1126/science.1108177
https://doi.org/10.1152/physiolgenomics.00077.2015
https://doi.org/10.1152/physiolgenomics.00077.2015
https://doi.org/10.1152/japplphysiol.01527.2005
https://doi.org/10.1152/japplphysiol.01527.2005
https://doi.org/10.1016/j.resp.2005.09.012
https://doi.org/10.1016/j.resp.2005.09.012
https://doi.org/10.1111/apha.12238
https://doi.org/10.1097/hjr.0b013e3280128bef
https://doi.org/10.1097/hjr.0b013e3280128bef
https://doi.org/10.1152/ajpregu.2001.281.6.R1787
https://doi.org/10.1152/ajpregu.2001.281.6.R1787
https://doi.org/10.1002/jcp.22559
https://doi.org/10.1161/CIRCRESAHA.111.253807
https://doi.org/10.1161/CIRCRESAHA.111.253807
https://doi.org/10.1093/cvr/cvn332
https://doi.org/10.1093/cvr/cvn332

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

11

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

myofilament functions. American Journal of Physiology-Cell Physiology,
318(2),C422-C429. https://doi.org/10.1152/ajpcell.00430.2019
Cooper, M. A, Jack, M. M,, Ryals, J. M., Hayley, P, Escher, T., Koch, L. G,,
Britton, S. L., Raupp, S. M., Winter, M. K,, McCarson, K. E., Geiger, P.C.,
Thyfault, J. P, & Wright, D. E. (2017). Rats bred for low and high running
capacity display alterations in peripheral tissues and nerves relevant
to neuropathy and pain. Brain and Behavior, 7(10), e00780. https://doi.
org/10.1002/brb3.780

Wikgren, J., Mertikas, G. G., Raussi, P, Tirkkonen, R., Ayréaviinen, L.,
Pelto-Huikko, M., Koch, L. G., Britton, S. L., & Kainulainen, H. (2012).
Selective breeding for endurance running capacity affects cognitive
but not motor learning in rats. Physiology & Behavior, 106(2), 95-100.
https://doi.org/10.1016/j.physbeh.2012.01.011

Aon, M. A, Cortassa, S., Juhaszova, M., Gonzalez-Reyes, J. A., Calvo-
Rubio, M., Villalba, J. M., Lachance, A. D., Ziman, B. D., Mitchell, S. J.,
Murt, K. N., Axsom, J. E. C.,, Alfaras, I., Britton, S. L., Koch, L. G., de
Cabo, R, Lakatta, E. G., & Sollott, S. J. (2021). Mitochondrial health
is enhanced in rats with higher vs. lower intrinsic exercise capacity
and extended lifespan. NPJ Aging and Mechanisms of Disease, 7(1), 1.
https://doi.org/10.1038/s41514-020-00054-3

Morris, E. M., Meers, G. M. E., Ruegsegger, G. N., Wankhade, U. D.,
Robinson, T., Koch, L. G., Britton, S. L., Rector, R. S., Shankar, K., &
Thyfault, J. P. (2019). Intrinsic high aerobic capacity in male rats pro-
tects against diet-induced insulin resistance. Endocrinology, 160(5),
1179-1192. https://doi.org/10.1210/en.2019-00118

Bye, A., Haydal, M. A, Catalucci, D., Langaas, M., Kemi, O. J., Beisvag,
V., Koch, L. G, Britton, S. L., Ellingsen, @., & Wislgff, U. (2008).
Gene expression profiling of skeletal muscle in exercise-trained
and sedentary rats with inborn high and low VO,,... Physiological
Genomics, 35(3), 213-221. https://doi.org/10.1152/physiolgenomics.
90282.2008

Bye, A, Langaas, M., Hgydal, M. A,, Kemi, O. J., Heinrich, G., Koch,
L. G, Britton, S. L., Najjar, S. M., Ellingsen, @., & Wislgff, U. (2008).
Aerobic capacity-dependent differences in cardiac gene expres-
sion. Physiological Genomics, 33(1), 100-109. https://doi.org/10.1152/
physiolgenomics.00269.2007

Thompson, H. J., Jones, L. W., Koch, L. G,, Britton, S. L., Neil, E. S., &
McGinley, J. N. (2017). Inherent aerobic capacity-dependent differ-
ences in breast carcinogenesis. Carcinogenesis, 38(9), 920-928. https://
doi.org/10.1093/carcin/bgx066

Koch, L. G., & Britton, S. L. (2019). Rat models of exercise for the
study of complex disease. Methods in Molecular Biology, 2018, 309-317.
https://doi.org/10.1007/978-1-4939-9581-3_15

Wislgff, U., Bye, A., Stalen, T., Kemi, O. J., Pollott, G. E., Pande, M.,
McEachin, R. C.,, Britton, S. L., & Koch, L. G. (2015). Blunted cardiomy-
ocyte remodeling response in exercise-resistant rats. Journal of the
American College of Cardiology, 65(13), 1378-1380. https://doi.org/10.
1016/j.jacc.2015.01.041

Forsa, M. |,, Bjerring, A. W., Haugaa, K. H., Smedsrud, M. K., Sarvari, S.
I, Landgraff, H. W., Hallén, J., & Edvardsen, T. (2023). Young athlete’s
growing heart: Sex differences in cardiac adaptation to exercise train-
ing during adolescence. Open Heart, 10(1), e002155. https://doi.org/
10.1136/0openhrt-2022-002155

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Furrer,R.,Hawley, J. A, & Handschin, C. (2023). The molecular athlete:
Exercise physiology from mechanisms to medals. Physiological Reviews,
103(3), 1693-1787. https://doi.org/10.1152/physrev.00017.2022
Kemi, O. J, & Wislgff, U. (2010). Mechanisms of exercise-
induced improvements in the contractile apparatus of the
mammalian myocardium. Acta Physiologica, 199(4), 425-439.
https://doi.org/10.1111/j.1748-1716.2010.02132.x

Bouchard, C., An, P, Rice, T., Skinner, J. S., Wilmore, J. H., Gagnon,
J., Pérusse, L., Leon, A. S., & Rao, D. C. (1999). Familial aggregation
of VO,,a« response to exercise training: Results from the HERITAGE
Family Study. Journal of Applied Physiology, 87(3), 1003-1008. https://
doi.org/10.1152/jappl.1999.87.3.1003

Kim, D.S., Wheeler, M. T,, & Ashley, E. A. (2022). The genetics of human
performance. Nature Reviews Genetics, 23(1), 40-54. https://doi.org/
10.1038/s41576-021-00400-5

Beisvag, V., Kemi, O. J., Arbo, |., Loennechen, J. P,, Wislgff, U., Langaas,
M., Sandvik, A. K., & Ellingsen, @. (2009). Pathological and physiolog-
ical hypertrophies are regulated by distinct gene programs. European
Journal of Cardiovascular Prevention and Rehabilitation, 16(6), 690-697.
https://doi.org/10.1097/HJR.0b013e32833158a2

Bernardo, B. C., Weeks, K. L., Pretorius, L., & McMullen, J. R. (2010).
Molecular distinction between physiological and pathological cardiac
hypertrophy: Experimental findings and therapeutic strategies. Phar-
macology & Therapeutics, 128(1), 191-227. https://doi.org/10.1016/j.
pharmthera.2010.04.005

Kokkinos, P, & Myers, J. (2010). Exercise and physical activity: Clinical
outcomes and applications. Circulation, 122(16), 1637-1648. https://
doi.org/10.1161/CIRCULATIONAHA.110.948349

Walther, C., Gaede, L., Adams, V., Gelbrich, G., Leichtle, A., Erbs, S.,
Sonnabend, M., Fikenzer, K., Kérner, A., Kiess, W., Bruegel, M., Thiery,
J., & Schuler, G. (2009). Effect of increased exercise in school chil-
dren on physical fitness and endothelial progenitor cells: A prospective
randomized trial. Circulation, 120(22), 2251-2259. https://doi.org/10.
1161/CIRCULATIONAHA.109.865808

Koch, L. G., & Britton, S. L. (2022). Biology: Motion is function. Function,
3(4), zqac030. https://doi.org/10.1093/function/zqac030

Koch, L. G,, & Britton, S. L. (2007). Evolution, atmospheric oxygen, and
complex disease. Physiological Genomics, 30(3), 205-208. https://doi.
org/10.1152/physiolgenomics.00043.2007

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Kemi, O. J., Hoydal, M. A., Haram, P.
M., Smith, G. L., Ellingsen, O., Koch, L. G., Britton, S. L., &
Wisloff, U. (2024). Inherited physical capacity: Widening
divergence from young to adult to old. Ann NY Acad Sci., 1-11.
https://doi.org/10.1111/nyas.15130

251017 SUOWILIOD BAERID B[ [ddke BU) Aq pauLienob 18 31 YO ‘95N JO 3N 10} AIIGI BUIIUO AB]IM UO (SUONPUOD-PUB-SWWLSYLID B |1 AZR1q|[Bu JUO//'ScY) SUORIPUOD PUB SULL L 8L 89S *[1202/60/52] UO ARIqITaulluO A8Im ‘MoBseIS JO A1sinuN A OETST SeAU/TTTT OT/10p/w00 A3 1 ATRIq U1 U0 SANdSeAU//:SdIlY W01y Papeoiumod ‘0 ‘Ze996v.T


https://doi.org/10.1152/ajpcell.00430.2019
https://doi.org/10.1002/brb3.780
https://doi.org/10.1002/brb3.780
https://doi.org/10.1016/j.physbeh.2012.01.011
https://doi.org/10.1038/s41514-020-00054-3
https://doi.org/10.1210/en.2019-00118
https://doi.org/10.1152/physiolgenomics.90282.2008
https://doi.org/10.1152/physiolgenomics.90282.2008
https://doi.org/10.1152/physiolgenomics.00269.2007
https://doi.org/10.1152/physiolgenomics.00269.2007
https://doi.org/10.1093/carcin/bgx066
https://doi.org/10.1093/carcin/bgx066
https://doi.org/10.1007/978-1-4939-9581-3_15
https://doi.org/10.1016/j.jacc.2015.01.041
https://doi.org/10.1016/j.jacc.2015.01.041
https://doi.org/10.1136/openhrt-2022-002155
https://doi.org/10.1136/openhrt-2022-002155
https://doi.org/10.1152/physrev.00017.2022
https://doi.org/10.1111/j.1748-1716.2010.02132.x
https://doi.org/10.1152/jappl.1999.87.3.1003
https://doi.org/10.1152/jappl.1999.87.3.1003
https://doi.org/10.1038/s41576-021-00400-5
https://doi.org/10.1038/s41576-021-00400-5
https://doi.org/10.1097/HJR.0b013e32833158a2
https://doi.org/10.1016/j.pharmthera.2010.04.005
https://doi.org/10.1016/j.pharmthera.2010.04.005
https://doi.org/10.1161/CIRCULATIONAHA.110.948349
https://doi.org/10.1161/CIRCULATIONAHA.110.948349
https://doi.org/10.1161/CIRCULATIONAHA.109.865808
https://doi.org/10.1161/CIRCULATIONAHA.109.865808
https://doi.org/10.1093/function/zqac030
https://doi.org/10.1152/physiolgenomics.00043.2007
https://doi.org/10.1152/physiolgenomics.00043.2007
https://doi.org/10.1111/nyas.15130

	Inherited physical capacity: Widening divergence from young to adult to old
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	VO2max
	Cardiomyocyte contractility and Ca2+ cycling
	Quiescent Ca2+ sparks and waves
	Transverse (T)-tubules and cell dimensions
	Statistics

	RESULTS
	VO2max and Mb
	Cardiomyocyte contractility
	Cardiomyocyte Ca2+ cycling
	Frequency-dependent contractility and Ca2+ cycling
	Ca2+ sparks and waves
	Cell morphology
	T-tubules

	DISCUSSION
	Divergence across lifespan
	Mechanisms and implications of divergence

	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	COMPETING INTERESTS
	DATA AVAILABILITY STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES
	SUPPORTING INFORMATION


