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Abstract

Purpose: To test the hypothesis that cardiac morphologic differences between Ames dwarf
and wildtype littermates might correlate with the increased longevity observed in the Ames
dwarf mice.

Methods: Hearts removed from yog adult (57 mo) and old (2428 mo) Ames dwarf and
wild-type littermates underwent histological and morphometric analysis. Measurements of
cell size, nuclear size, and collagen content were made using computerized coloraeconv
lution and particle analysmsethodology.

Results: In the young mice at six months of age, mean cardiomyocyte area was 46% less in
Ames dwarf than in wildype mice (p<0.0001). Cardiomyocyte size increased with age by
about 52% in the wilkdype mice and 44% in the Ames dwarf mice@®01). There was no
difference in nuclear size of the cardiomyocytes between the young adultypidand Ames

dwarf mice. There was an agssociated increase in the cardiomyocyte nuclear sizegpby a
proximately 50% in both the Ames and wtlgbe mice (0.001). The older Ames dwarf mice

had slightly larger cardiomyocyte nuclei compared to tylae (2%, p<0.05). The collagen
content of the hearts in young adult Ames dwarf mice was estimated to be 57% less compared
to wild-type littermates (p<0.05). Althagh collagen content of both Ames dwarf and
wild-type mouse hearts increased with age, there was no significant difference at 24 months.

Conclusions: In wikdype and Ames dwarf mice, nuclear size, cardiomyocyte size, and collagen
content increased withdvancing age. While cardiomyocyte size was much reduced in young
and old Ames dwarf mice compared with wilgpe, collagen content was reduced only in the
young adult mice. Taken together, these findings suggest that Ames dwarf mice may receive
some longeity benefit from the reduced cardiomyocyte cell size and a period of reduced
collagen content in the heart during adulthood.
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Introduction

Death due to heart disease accounted for 27% of therefore, that a discussion of longevity and ag-
all causes combined in the U.S., and remains the ing-associated diseases address the underlying ne-
number one cause of mortality (1,2). It is imperative chanisms of cardiovascular disorders (2). There is no
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large database for documenting natural causes of
deaths in mice secondary to cardiac events.To date
most of the mouse histopathological data is reported
as gross morphological abnormalities, such as tumors.
Nevertheless, the mouse has been used as a model to
understand aspects of the cardiac pathophysiologly in
humans. Arrythymogenic death in mice would be
difficult to detect but an indication that it might be
important is provided by recent studies of arrhyt h-
mias induced in mouse hearts with fibrosis (Stein et
al, 2010). The Ames mice with their extended
life-expectancy might also have a diminished ten-
dency to develop cardiac pathology which contributes
to early morbidity (2 -4).

Long-lived Ames dwarf mice are homozygous
for the deficient functi
1 §Prop 1) allele, resulting indirectly in a version of
combined pituitary hormone deficiency (CPHD) in
which growth hormone (GH), prolactin, and thyroid
stimulating hormone (TSH) are deficient (5). The
combined chronic deficiency of these 3 hormones on
cardiac structure and morphology is of interest as
these deficiencies especially of growth and thyroid
hormone have an increased prevalence in the aging
population.

GH production over a sustained period of time
usually results in a positive energy balance and an
increased insulin and IGF-1 production. While 75% of
circulating IGF -1 is produced in the liver in response
to GH stimulation, the remaining 25% is produced
locally and operates in a paracrine- and auto-
crine-fashion (7). Acute-term GH secretion results in
lipolysis and increased levels of free fatty acids (FFA),
as well as insulin resistance (6). There are several
mouse models of chronic deficiency of growth hor-
mone (7-14). In this study, we have focused on de-
scribing the morphologic cardiac features of Ames
dwarf mice that have significantly reduced GH,
plasma IGF, insulin and glucose compared to
wild -type litter -mates.

Acute alteration of thyroid hormones mainly a f-
fects cardiac rhythm but chronic alterations in thyroid
hormone levels, whether hypo or hyperthyroidism,
can produce cardiomyopathies with significant mo r-
bidity and mortality if left untreated (15 -18). Interes-
tingly, the Ames dwarf mice do not appear to suffer
any deleterious cardiac effects from the thyroid hor-
mone deficiency.

The effect of prolactin on the heart has beenless
well studied and so this study will discuss the cardiac
morphology of the Ames dwarf mice mainly in the
context of chronic deficiencies of growth and thyroid
hormones. However, prolactin does increase IGFR
phosphorylation (19 -20).

The longevity benefit of the Ames dwarf mice is
complex to understand because of the multiple hor-
monal deficits. The present study therefore investi-
gated the impact of these combined hormonal
changes on the heart and correlated it with possible
longevity of Ames mice based on the cumulative
knowledge about positive cardiac morphological a I-
terations.

Methods

The young adult (4-7mo) and old (24-28mo) male
Ames dwarf mice used in these studies, as well as
their wild -type littermates, were from a closed hete-
rogeneous (with respect to Propl) colony of greater
than 20 years® duration

gender and genotype at 22+2°C, with a 12 hr light / 12

0 runiverBity OF0[3B.t Aniddls were igrdup-hodided byf a

ocat
ctor

hr dark cycle, and fed non-aut ocl aveda-0Roden

boratory Chow 50016 , ( PMI Feeds i
USA). Major murine pathogens were monitored using
co-housed sentinel animals. Ames dwarf pups were
produced by mating homozygous dwarf males with
heterozygous females. There are no known phero-
typic differences between heterozygous Propl+/ df
and homozygous wild -type mice. For this reason,
both types of littermates were used as wild -type con-
trols for comparison with Ames dwarf (Propl df/ df)
mice. Only male mice were used to reduce the poten-
tial for variability in data resulting f rom gend-
er-related differences in cardiac aging. Mice were
killed by cervical dislocation, and their hearts, livers,
brains, and hindlimbs were removed. The animal
protocols in this study were approved by the labor a-
tory animal care and use committees of Saithern |I-
linois University and the University of Arkansas for
Medical Sciences, and were conducted in accordance
with the NIH Guidelines for the Care and Use of L a-
boratory Animals.

Experimental Animals
Histological Preparation

After sacrifice, mouse hearts were removed im-
mediately, weighed, and placed in 25mM KCI & PBS
relaxing buffer, then stored in 10% neutral -buffered
formalin at 4°C. Hematoxylin and eosin (H&E) and
Masson Trichrome (MT)
prepared at the level of the papill ary muscles, so as to
compare the cardiac dimensions at the same level for
eachheart, using standard procedures.

Cell Size Distribution

Color images were made of H&E-stained sec-
tions of Ames dwarf and wild -type left ventricles at
200x total magnification using a Nikon Eclipse E600
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equipped with CoolSNAP -ES digital camera and
MetaVue 6.2 software. Microscope lighting, focus, and
field selection were optimized for distinction of cell
boundaries. In order to increase the probability of
cardiomyocytes being visualized in appropriate
cross-section and not tangentially, fields were chosen
so as to include the papillary muscles and the verti-
cally aligned muscle layers adjacent to them. Cardi-
omyocytes were outlined manually and buc k-
et-filled -in Gimp. images were opened in ImageJ and
after setting the threshold, analyzed(Fig. S1). Major
and minor transverse axes and crosssectional area
were measured, and cardiomyocytes with an aspect
ratio of
cells sectioned tangentially. Data from all the fields
were combined and analyzed in Minitab14®. As rel a-
tive hypertrophic compensation or decompensation
of the heart can result in differences in the ratio of
length to diameter of the cardiomyocytes, the volume
of the cardiomyocytes was not assessed.

Nuclear Size Distribution

Images of nuclei were separated from badk-
ground using the ImageJ v1.39 (Wayne Rasband,
NI H) plugin o0Col or
setting) written by Gabriel Landini based on code by
A.C. Ruifrok (21). The treshold for the images was
set by having all positive pixels set to maximum
darkness, using | magelJd,
were analyzed after manual de-noising. The areas of
the nuclei were standardized to square micrometers
(in this case, 1mm2 = [80 mm)/(345 pixel sides) and
the measurements from about thirty fields from each
of three hearts per group were compiled into lists,
which were statistically analyzed using Minitab14®.
Particles of less than one square micrometer were not
included in the analysis (Fig. S2).

Collagen Distribution

Images were obtained as in Cell Size Distribution
above. Microscope lighting, focus, and field selection
were optimized to distinguish collagen. Color d e-
convolution was
andDAB(H DAB) 6,
(H&E DAB) 6, and O0Alci an
software filters in ImageJ. The images generated were
then opened as layers in Gimp 2.6 flattened, and

saved. The same flattened images were then opened

in ImageJ, thresholded and then particle analyzed (Fig
S3) . The analyses were
lists of particles were summed for each field. The
fraction of collagen per field was determined by d i-
viding the total area of collagen per field by the total
area of the tissue field, leaving out voids. 25

Deconvopd belio?nibd to

a nragndogn ufmbe

Hear& Weight/Tibial Si7re .
save a’s 0. XTI so

non-overlapping fields were taken from each of three
left ventricles from each group. Lists of collagen frac-
tions were analyzed using Minitab14®.

Sarcomere length .

Length measurements of sarcomeres. Fifty
measurements were taken of twenty sarcomeres
apiece in each of three sections from each group of
young adult or old, wild -type or Ames dwarf, for a
total of six hundred measurements and twelve tho u-
sand sarcomeres. Lengths of sarcomeres were dete
mined from using GIMP and ImageJ, with conversion
to micrometers being done after measurement.

O1. 2 Thigehelped aimrirate u dTébl.lengths

Tibial lengths of young and old Ames and
wild -type mice were measured using a PIXImus sys-
tem (GE-Lunar).

Statistical Analyses

Cardimyocyte cell size, nuclear size, and colla-
gen fraction measurements were determined by the
Anderson-Darling (AD) method to be insufficiently
normal in distribution for parametric analysis. For
this reason, Mann-Whitney -Wilcoxon (MWW) tests

\G/eLfe? in8 gignificgnece %iﬁer-
ences between groups of mice with respect to these
variables. The nuclear size data was resampled to
accommodate software limitations by assignment of
Aol Bynd
to which higher numbers had been assigned. The
cut-off for significance was p<0.05.

Results
Heart and Body Weight

The body weight of each mouse was recorded
before sacrifice. Hearts were weighed after removal of
excess blood.On the whole, wild -type young adult
and old mice were about 72% and 4% heavier, re-
spectively, than age-matched Ames littermates (Fig.
1A) The hearts of wild -type young adult and old mice
were 65% and 48% heavier than those of aganatched

s performed Amgsi ildmafed fFig. 018)2 FHE 2old AK¥s! had! a
oHaemat oxyl isigntly Fequéetl MW/BVI fatio D(6.81) compared with
Bhe BiEwild&typei(e.65)whithdsXlikely Hue b the rel-

ative adiposity of older Ames dwarf mice. The
HW/BW ratios did not change significantly with a g-
ing in the Ames or wild -type mice.

files, and
The use of tibia length for normalization has

been previously demonstrated to be more reliable
than those based on body weight (22-23). Thus, in
conditions in which body weight differences may
occur, the heart size and /or cardiac hypertrophy can
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be more accurately quantified by relating the heart = mice with age (Fig. 2A). In addition, in contrast to the
weight to tibial length. minor differences in HW/BW ratios, the HW/tibial

In the present study we found that although the size ratios were significantly reduced in the Ames
tibial length did not increase with age in wild -type  dwarf mice at both young adult and older age (Fig.
mice, its length increased slightly in the adult Ames 2B, 2C).
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Figure 1. A) Bar Graph showing body weights of young adol ald, wildtype and Ames dwarf mice. *p<0.0R) Bar
Graphs showing heart weights of young adult and old,-tyjpg¢ and Ames dwarf mice. Young adult 5 4nonths; OId
=24-28 months, *p<0.05.
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Figure 2. A) Bar graphs showing tibial length of adult ad| wildtype and Ames dwarf mice. Young adult<5 4nonths;
Old =24-28 months. *p<0.05Tibiae were measured using a PIXImus systeml(@tar). B)Scatterplot of heart weight vs
tibial length. Note that the tibiae of wittdype mice did not grow postauration. However, the tibae of Ames mice 8o
tinued to grow beyond 6 months of ag€) Heart weight/Tibial length ratios. HW/tibial length ratios were significantly
reduced in the Ames dwarf mice at both young adult and older age versunatgbed wildtype *p<0.05.
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Cell Size measurements

Crosssectional Area:The mean cardiomyocyte
area was 46% less in the 6month old Ames dwarf
hearts than in wild -type mice (p<0.0001). Card-
omyocyte size increased with age by about 52% inthe
wild -type mice and 44% in the Ames dwarf mice
(p<0.001). Interestingly, the cardiac myocytes of old
Ames dwarf mice were 22% smaller than those of
young adult wild -type. Comparisons of cardiomy o-
cyte crosssections are based on median values, and

via MWW tests showed significant differences at
p<0.01 (old Ames vs. young wild -type) and p<0.0001
for the others (Fig 3A).

Nuclear SizeThere was no significant difference
in nuclear cross-sectional area between wild-type and
Ames dwarf in the young adult mic e, but in the older
mice, the Ames cardiomyocyte nuclei were slightly
larger (1.02, p<0.05) than in their wild-type litter-
mates. In both genotypes, nuclear size increased about
40-50% between 6 and 26 months of ag€Fig. 3B).
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Figure 3. A) Bar graphof Cardiomyocyte crossectional areaAreas of 100 cells per group (~33/heart) were measured

using ImageBoth Ames and wildype cardiomyocytes underwent hypertrophy (51% and 50%, respectwigyadvancing
age. Not only were Ames cardiomyocytes smaller than those of their-iype littermates, but the old Ames caird
omyocytes were smaller than those of the young adult swyfae (* p<0.001)B) Bar graphs of Nuclear Areluclei of Ames

dwarfand wildtype cardiomyocytes increased in size with advancing age (49% and 44%, respectively, * p<0.001). There was

no significant difference in nuclear cressctional area between young wilghe and Ames nuclei at the same age.
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