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Abstract

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

Methods: Hearts removed from young adult (5-7 mo) and old (24-28 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 color deconvo-
lution and particle analysis methodology.

Results: In the young mice at six months of age, mean cardiomyocyte area was 46% less in
Ames dwarf than in wild-type mice (p<0.0001). Cardiomyocyte size increased with age by
about 52% in the wild-type mice and 44% in the Ames dwarf mice (p<0.001). There was no
difference in nuclear size of the cardiomyocytes between the young adult wild-type and Ames
dwarf mice. There was an age-associated increase in the cardiomyocyte nuclear size by ap-
proximately 50% in both the Ames and wild-type mice (p<0.001). The older Ames dwarf mice
had slightly larger cardiomyocyte nuclei compared to wild-type (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). Although collagen content of both Ames dwarf and
wild-type mouse hearts increased with age, there was no significant difference at 24 months.

Conclusions: In wild-type and Ames dwarf mice, nuclear size, cardiomyocyte size, and collagen
content increased with advancing age. While cardiomyocyte size was much reduced in young
and old Ames dwarf mice compared with wild-type, collagen content was reduced only in the
young adult mice. Taken together, these findings suggest that Ames dwarf mice may receive
some longevity 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 US., and remains the ing-associated diseases address the underlying me-
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 arrhyth-
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 function “Prophet of pituitary factor
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 af-
fects cardiac rhythm but chronic alterations in thyroid
hormone levels, whether hypo or hyperthyroidism,
can produce cardiomyopathies with significant mor-
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 been less
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 al-
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 located at Southern Illinois
University (30,31). Animals were group-housed by
gender and genotype at 22+2°C, with a 12 hr light / 12
hr dark cycle, and fed non-autoclaved “Rodent La-
boratory Chow 5001”7, (PMI Feeds in St. Louis MO,
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 pheno-
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 (Propldf/dy)
mice. Only male mice were used to reduce the poten-
tial for variability in data resulting from 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 labora-
tory animal care and use committees of Southern II-
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 La-
boratory Animals.

Experimental Animals
Histological Preparation

After sacrifice, mouse hearts were removed im-
mediately, weighed, and placed in 25mM KClI & PBS
relaxing buffer, then stored in 10% neutral-buffered
formalin at 4°C. Hematoxylin and eosin (H&E) and
Masson Trichrome (MT) stained sections (~4pm) were
prepared at the level of the papillary muscles, so as to
compare the cardiac dimensions at the same level for
each heart, 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 buck-
et-filled-in Gimp. images were opened in Image] and
after setting the threshold, analyzed(Fig. S1). Major
and minor transverse axes and cross-sectional area
were measured, and cardiomyocytes with an aspect
ratio of 1.2 were excluded. This helped eliminate
cells sectioned tangentially. Data from all the fields
were combined and analyzed in Minitab14®. As rela-
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 back-
ground using the Image] v1.39 (Wayne Rasband,
NIH) plugin “Color Deconvolution” (using the H&E
setting) written by Gabriel Landini based on code by
A.C. Ruifrok (21). The threshold for the images was
set by having all positive pixels set to maximum
darkness, using Image], and the darkened “particles”
were analyzed after manual de-noising. The areas of
the nuclei were standardized to square micrometers
(in this case, Imm2 = [(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 de-
convolution was performed using the “Haematoxylin
and DAB (H DAB)”, “Haematoxylin, Eosin and DAB
(H&E DAB)”, and “Alcian blue & Haematoxylin”
software filters in Image]J. The images generated were
then opened as layers in Gimp 2.6, flattened, and
saved. The same flattened images were then opened
in Image], thresholded and then particle analyzed (Fig
S3). The analyses were saved as “.xls” files, and the
lists of particles were summed for each field. The
fraction of collagen per field was determined by di-
viding the total area of collagen per field by the total
area of the tissue field, leaving out voids. 25

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 thou-
sand sarcomeres. Lengths of sarcomeres were deter-
mined from using GIMP and Image]J, with conversion
to micrometers being done after measurement.

Tibial 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
were performed to determine significance of differ-
ences between groups of mice with respect to these
variables. The nuclear size data was re-sampled to
accommodate software limitations by assignment of
random numbers followed by non-inclusion of values
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 45% 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 age-matched
Ames littermates (Fig. 1B). The old Ames had a
slightly reduced HW/BW ratio (0.61) compared with
the old wild-type (0.65) which is likely due to the rel-
ative adiposity of older Ames dwarf mice. The
HW/BW ratios did not change significantly with ag-
ing in the Ames or wild-type mice.

Heart Weight/Tibial Size

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 |. A) Bar Graph showing body weights of young adult and old, wild-type and Ames dwarf mice. *p<0.01. B) Bar
Graphs showing heart weights of young adult and old, wild-type and Ames dwarf mice. Young adult = 4-5 months; Old
=24-28 months, *p<0.05.
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Figure 2. A) Bar graphs showing tibial length of adult and old, wild-type and Ames dwarf mice. Young adult = 4-5 months;
Old =24-28 months. *p<0.05. Tibiae were measured using a PIXImus system (GE-Lunar). B) Scatter-plot of heart weight vs
tibial length. Note that the tibiae of wild-type mice did not grow post-maturation. However, the tibae of Ames mice con-
tinued to grow beyond 6 months of age. C) Heart weight/Tibial length ratios. HW/tibial length ratios were significantly
reduced in the Ames dwarf mice at both young adult and older age versus age-matched wild-type *p<0.05.
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Cell Size measurements

Cross-sectional Area: The mean cardiomyocyte
area was 46% less in the 6month old Ames dwarf
hearts than in wild-type mice (p<0.0001). Cardi-
omyocyte size increased with age by about 52% in the
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 cardiomyo-
cyte cross-sections 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 Size: There was no significant difference
in nuclear cross-sectional area between wild-type and
Ames dwarf in the young adult mice, 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 age (Fig. 3B).
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Figure 3. A) Bar graph of Cardiomyocyte cross-sectional area. Areas of 100 cells per group (~33/heart) were measured
using Image). Both Ames and wild-type cardiomyocytes underwent hypertrophy (51% and 50%, respectively) with advancing
age. Not only were Ames cardiomyocytes smaller than those of their wild-type littermates, but the old Ames cardi-
omyocytes were smaller than those of the young adult wild-type (* p<0.001). B) Bar graphs of Nuclear Area. Nuclei of Ames
dwarf and wild-type cardiomyocytes increased in size with advancing age (49% and 44%, respectively, * p<0.001). There was
no significant difference in nuclear cross-sectional area between young wild-type and Ames nuclei at the same age.
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Cardiomyocyte/Nuclear ratio: The cardiomyo-
cyte/nuclear area ratio was significantly reduced in
the Ames Dwarf mice compared with the wild-type
(Table 1).

Table 1. Cell size/nuclear size ratio The cardiomyocyte
cells are larger in wild-type than Ames in young and old. The
cell size increased significantly more in the wild-type hearts
with a relatively greater cell to nuclear ratio than in the
Ames hearts.

Sarcomere length: Extensive measurements were
made of sarcomere length in young and old in the
Ames and wild-type groups. There were no signifi-
cant differences in the sarcomere lengths in the dif-
ferent groups, hence minimizing any potential errors
in measurements due to different contractile states of
the hearts (Fig. 4A, 4B).

Collagen quantitation: Young adult Ames dwarf
hearts contained about 1/3 of the collagen (0.2% vs.
0.7% of area) in age-matched wild-type, but at 26mo,
about 1.5% of the sectional areas of both were ac-
counted for by collagen (Fig. 5A, 5B). We did a pro-
jection of life expectancy of the Ames dwarf mice
based of the ratio of collagen in the hearts compared
to wild-type mice. When the line of collagen ratio was
extrapolated, it fell within the range of Ames dwarf
life expectancy (Fig. 6).

Table S2 summarizes all the measurements made
on the Ames dwarf and wild-type mice.

Heart speci- Cardiomyocyte Nuclear  Ratio
mens area area Cardiomyocyte/nuclear
(nm?) (nm?) area
Young adult  228.0 22.81 10.0
wild-type
Young adult 122.8 23.45 524
Ames
Old Wild-type 346.2 33.74 10.3
Old Ames 177.2 36.14 49
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Figure. 4. A) Cardiac muscle under 40X magnification showing sarcomeres. The black line illustrates the line of mea-
surement used for data collection. B) Bar graph of sarcomere length. Sarcomere length measurements were not significantly
different (n=50 measurements of 20 sarcomeres each per heart) between groups, indicating that differences in cell size

cannot be attributed to differences in contractile state.
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Figure 5. A) Representative cross-sections of the hearts of young adult Ames and age-matched wild-type (4-7mo) and old
Ames and age-matched wild-type (24-28 mo) at the level of the papillary muscles, stained with Masson Trichome. The
collagen is stained blue. B) Collagen Distribution in the aging of both Ames and wild-type mice. Collagen area was measured
in 75 fields per group using Image). Young adult wild-type hearts had 87% more median collagen by area than did the young
adult Ames (* p<0.05). With advancing age, however, the percentage of tissue attributed to collagen increased more rapidly
in Ames dwarf than in wild-type hearts to the point that, at 26mo, there were was no significant difference.
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A Projection of Life-Expectancy Based on the Ratio
of Cardiac Extracellular Collagen in Ames Dwarf vs

Wild-Type Mice
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Figure 6. Projection of Life Expectancy in Ames Based on Ratio of Collagen Fraction of Ames Hearts vs. Wild Type. When
the ratios of the collagen fraction (the mean portion of a tissue section which is accounted for by collagen) of Ames dwarf
mice to those of wild-type littermates are plotted over time, the resultant curve may be linearly projected to a fair ap-

proximation of life expectancy.

Discussion

This paper has four major findings. First, the
heart weight/tibial length ratio was significantly re-
duced in the Ames mice versus the wild-type. Second,
the hearts of old Ames dwarf mice had a significantly
reduced cardiomyocyte size versus the age-matched
and young adult wild-type hearts. Third, young adult
Ames dwarf mouse hearts had reduced collagen
compared with their wild-type littermates. Fourth,
with senescence, the Ames dwarf mice lost the ad-
vantage of having a reduced cardiac collagen content.

Heart weight/tibial length(HW/TL)

The Ames dwarf mice have smaller tibia and
hearts, hence, the reduction in the HW/TL ratio in the
Ames mice compared to the wild-type is not by itself
surprising (24). However, there appears to be an
age-associated increase in the HW/TL ratio in the
Ames between 4-7 months to 24-28 months, which is
not evident in the age-matched wild-type. This is due
to an increase in the tibial length with age,
post-maturation, which could be explained partially
by the growth promoting effect of compensatory in-
crease in other factors or cytokines such as parathy-

roid hormone-related protein, fibroblast growth fac-
tor, vascular endothelial growth factor and bone
morphogenetic proteins (23 -27). Since GH has lipo-
lytic activity, it was not surprising that the percent
body weight gained by the Ames dwarf mice was
greater than the wild-type. This has also been ob-
served in GH knock-out mice in which body compo-
sition analyses showed that these mice were relatively
obese in comparison to littermate controls (28). The
Ames mice are also “fat”, but perhaps this adiposity is
offset by the benefit of an increased HW/TL ratio in
the Ames vs. the wild-type. Obesity is usually asso-
ciated with impaired insulin sensitivity, cardiovascu-
lar disease, metabolic syndrome and increased mor-
bidity and mortality (29). However, there currently
exists the paradox of reverse epidemiology, in which
at an older age increased body weight and BMI are
considered good prognostic indicators (29-31). Thus,
the Ames and the other long-lived GH deficient mice
offer an opportunity to scientists to study and explain
the impact of increased fat content on longevity. It
would be of interest to calculate the HW/TL length
ratio in healthy overweight versus age-matched nor-
mal and under-weight elders in longevity studies.
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Changes in Cardiomyocyte and Nuclear Size

There have a few studies of cardiac cellular
structure in the Ames dwarf mice or dwarf rats, but
reduced cardiomyocyte cell size has been docu-
mented with GH deficiency as well as an impaired
remodeling and hypertrophic response after myocar-
dial ischemia in dwarf rats (32-35). During the process
of normal aging, cardiomyocyte tends to increase with
age, whereas in the closely related tissue, the striated
skeletal muscle, cell size decreases. Just as cardiac
hypertrophy can have detrimental consequences, an
age-related reduction in skeletal muscle fiber number
and size (sarcopenia) can result in impaired mechan-
ical muscle performance even in trained athletes
(36-37). In our study the cardiomyocyte size of both
wild-type and Ames dwarf mice showed an
age-associated increase, although interestingly, the
cardiomyocytes of the old Ames were even smaller
than those of the young adult wild-type mice. Also,
while nuclear size increased by about 50% in both
wild-type and Ames dwarf mice, there was no signif-
icant difference in nuclear size between genotypes
within age groups. Given the large difference in car-
diomyocyte size between Ames and wild-type mice,
and referring to Gerdes et al (38), in which nuclear
volume was found to increase with cell volume, the
fact that the nuclear size did not proportionately in-
crease with cell size in the wild-type mice, was nota-
ble. There are two main mechanisms of cardiomyo-
pathy associated with increase in nuclear size: one
involves polyploidy, and the other shows a strong
correlation with expression of PCNA, SC-35, and
p70S6K (39-43). Both mechanisms, however, result in
concomitant nuclear and cellular size increase. More
notable than either cell size or nuclear size was the
ratio of the nuclear to cell size, which was signifi-
cantly reduced in Ames heart at young and old age.
Since the nucleus appeared normal in the Ames
dwarf, a reduced nuclear to cell ratio could signify
more biosynthetic function and better governance of
cellular functions and integrity (44). This hypothesis
will require further elucidation.

Potential Significance of Cardiac Fibrosis

In clinical conditions of excess growth hormone
such as acromegaly, both cardiac hypertrophy and
fibrosis are typically present (45). Increased collagen
concentration of the heart causes increased ventricular
stiffness, reduced ventricular compliance and im-
paired diastolic function of the heart, which is a very
common problem in the elderly (2-4, 46-50). There
have been few studies of cardiac function in the Ames
dwarf mice. A study of young Ames mice using do-
butamine demonstrated that Ames hearts were func-

tionally better than wild-type and resistant to the
stress (51). These results of better cardiac function in
young Ames mice were similar to the preserved car-
diac function using dobutamine in 17 month old Little
mice with about 1% of normal circulating GH (52). On
the other hand, a study using cardiomyocytes from
hearts of old Ames mice suggested that there may be
greater impairment of contraction and relaxation in
cardiomyocytes from the older Ames dwarf mice
versus the wild-type (53). Heterozygous IGF 1 defi-
cient dwarf mice have a better preserved cardiac
function one week after myocardial infarction and
demonstrate a blunted hypertrophic response with
less remodeling (54). The data from previous studies
on Ames hearts could suggest that significantly re-
duced collagen content in the Ames hearts could be
important in maintaining cardiac compliance and
consequently a preserved cardiac response to stress.
Collagen increase is important humans in the patho-
genesis of diastolic heart failure and various cardiac
pathological states with reduced cardiac compliance
(55-61). Some studies have demonstrated that increase
in the degree of collagen cross-linking correlates bet-
ter with diastolic dysfunction than collagen concen-
tration per sec (57). We did not evaluate collagen
cross-linking in our study but Flurkey et al found that
the degree of increase in collagen cross-linking asso-
ciated with aging from 4-8mo to 16-19mo was reduced
in Snell dwarf (Pitldw/dw]) mice compared to
age-matched wild-type mice (62). It is possible that
Ames mice will also have reduced collagen
cross-linking, but this will require systematic study.
Another factor promoting collagen-cross-linking is
advanced glycation end products (AGE) which has
not been studied in the dwarf mice (63).

In humans, chronic growth hormone excess
produces cardiac fibrosis, and one might postulate
that chronic growth hormone deficiency would result
in reduced fibrosis (64). To date, collagen content of
hearts from people with chronic growth hormone
deficiency has not been analyzed. However, in the
current study, the collagen area fractions were re-
duced by about two-thirds in young adult Ames
hearts compared to the age-matched wild-type, but
there was no difference in the collagen content be-
tween the genotypes in the older mice. So even
though the Ames dwarf mouse hearts had signifi-
cantly less collagen when young, they accumulated
approximately the same amount of collagen as the
wild-type mice by 24-26 months of age. Why this is so,
is not clear, but it is possible that the Ames dwarf mice
secrete increased amounts of growth promoting fac-
tors and cytokines relative to their body/mass index
as they become older, which could enhance accele-
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rated cardiac fibrosis (Table S1). Contrary to humans
where growth hormone is associated with cardiac
fibrosis, in studies done in rats treated with growth
hormone, the collagen content of the heart was found
to be reduced in Western blots (65-66). However, the
variation in the collagen content in rat studies could
have been due to different isoforms of collagen being
evaluated and or due to the dose and duration of the
growth hormone treatment.

Another factor that could influence fibrosis is the
level of the thyroid hormone, with typically increased
collagen accumulation occurring in hypothyroidism
(67). The prevalence of hypothyroidism in humans
increases with age, with approximately 10% of the
elderly being clinically hypothyroid (68-69). It is not
clear if a similar process of thyroid insufficiency de-
velops in older rodents but assuming it does, the in-
crease in fibrosis with aging in the Ames dwarf mice
may be related to a further age-reduced reduction of
their thyroid hormone levels. Thyroid hormone is also
important in controlling the SERCA2 cardiac pump
and hence contractility (70). This effect has been ob-
served in the FOG2 transgenic mice, where FOG2 by
binding T3, reduced SERCA2 activity, resulting in
congestive heart failure, and early death (70-71).
In-vitro function in the Ames dwarf mice demon-
strated reduced cardiomyocyte size and impaired
excitation-contraction coupling of the myocytes (53).
However, the negative functional effects of hypothy-
roidism do not appear to be present in the Ames
hearts. This might be due to a complimentary reduc-
tion in GH with a balanced growth and metabolism
reduction. This hypothesis will need to be tested with
varying ratios of replacement of thyroid and GH and
measuring the effect on heart and longevity (72).

Although results from our study suggest that
longevity of the Ames dwarf mice might be linked to
the reduced collagen and structural changes in the
heart, there have been two reports of negative regula-
tion of the cardiovascular system in dwarf mice. One
study of aorta of Ames mice demonstrated increased
endothelial O,*~ and H>O» production, mitochondrial
reactive oxygen generation and reduced expression of
antioxidant enzymes, and nitric oxide (NO) produc-
tion in aortas of Ames dwarf versus wild-type control
(73). The second study using mice with mutant IGF-1
gene expression exhibited elevated blood pressure
and enhanced cardiac contractility, but these mice had
high plasma insulin and GH levels (69). However, a
number of recent studies have shown preserved car-
diac function in response to stress in Ames dwarf
mice (46,48). These differences in cardiac health might
be due to varying autocrine/paracrine effects of IGF,
and it has been shown previously that circulating

IGF-I and tissue IGF-I levels do not always correlate
(71-72). There also appear to be tissue specific optimal
levels of IGF-I which is why the effects of Prop1df/df
genotype differ from other long lived dwarf mice.
Moreover, the Ames mice have a significant advan-
tage of increased insulin sensitivity compared to
wild-type (11). It has been reported in several studies
that insulin sensitivity might be more important than
GH levels for longevity because there was no increase
in life-span in transgenic mice over-expressing GH
antagonist, which have reduced IGF but no alteration
of insulin sensitivity (12). In addition, Masternak et al
recently demonstrated that growth hormone (GH)
treatment in long-lived Ames dwarf mice stimulated
somatic growth of the Ames dwarf mice by increased
production of IGF1 but decreased the insulin sensi-
tivity of the mice, negatively affecting both their
healthspan and longevity (8). In the current study,
based on our observation of significantly better car-
diac morphology in the Ames, it may be that the par-
ticular combination of chronically reduced levels of
growth hormone and thyroid hormone may contri-
bute to the longevity of these mice. Future studies to
characterize in-vivo cardiac function in animals with
chronically low GH and thyroid hormone levels will
be of interest. Apart from growth and thyroid hor-
mones, there are many other pro and anti-fibrotic
factors in the heart that could potentially have altered
the balance in favor of less collagen in the Ames
hearts (Table S1). Undoubtedly, these factors will also
be of interest to elucidate in hearts of Ames versus
wild-type.

There is no large database for documenting nat-
ural causes of deaths in mice with details of various
cardiac events. Nevertheless, the mouse has been
used as a model to understand many aspects of car-
diac pathophysiologly in humans. Spontaneous
hypertensive rat and mouse models have increased
amount of cardiac collagen and fibrosis which corre-
lates with a shortened life-span and higher mortality.
It has recently been determined that fibrosis of the
hearts in mice can predispose to greater arrythymo-
genicity, probably via destroying the conducting
pathways in the heart (77-79). Hence, the importance
of collagen in cardiac pathophysiology cannot be un-
derstated.

The role of IGF itself in longevity continues to be
investigated. A study by Li and Ren IGF1 transgenic
mice showed that they had a slightly longer life-span
than the FVB wild-type (80). However these mice
were heterogyzgous and the percent elevation of IGF
transgene in these mice was not defined in the study.
It is quite possible that a mild elevation of IGF can
provide some beneficial effect and increase lifespan

http://www.biolsci.org



Int. J. Biol. Sci. 2010, 6

486

especially in the generally short-lived FVB strain. In
the Ames mice, the combined deficiency of 3 hor-
mones might afford better protection than one hor-
mone alone.

The Ames dwarf mice and caloric restricted mice
both have increased insulin sensitivity with activation
of the insulin signaling cascade (IR/IRS/PI3K/AKT).
In fact caloric restriction of the Ames mice has been
shown to further increase their insulin sensitivity and
extend life-span (81). Long lived mice that do not ex-
hibit a direct link to GH/IGF-1/insulin signaling have
been shown to have resistance to stress. For example,
transgenic mice over-expressing mitochondrial cata-
lase (MCAT) live 17-21% longer than wild-type mice
(82). TRX-Tg(,thioredoxin) mice have antioxidant,
anti-inflammatory and anti-apoptotic, properties and
live 22-35% longer (83). Dhahbi et al have shown
smaller cardiomyocytes and reduced collagen accu-
mulation in caloric restricted mice (84). Interestingly,
reduced expression levels of pro-collagen genes in
caloric restricted mice have also been shown by other
investigators (85).

Our study explores this issue in the Ames dwarf
mice because age-related morphological changes can
substantially influence target organs, which can ulti-
mately determine morbidity and life-span. A reduc-
tion in fibrosis and remodeling is very important in
cardiac health and many clinical trials have been de-
voted to this area with a significant impact on mor-
bidity (86-87). When comparing collagen fractions in
Ames dwarf compared with wild-type, both in young
adult and old mice, we found that when the line was
extrapolated it fell within the range of Ames dwarf
life expectancy (Fig. 6). Hence, it appears plausible
that a smaller cardiac cell size and reduced extracel-
lular collagen might also contribute towards im-
proved cardiac health and longevity of the Ames
dwarf mice. The mechanistic pathways for reduced
age-related collagen accumulation and cell size in the
Ames dwarf hearts will need to be further elucidated.
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Table S2. Table summarizing all the measurements acquired in the study.

Group
Table S2 YAWT YAA OWT OA
summary of results N, N, N, N,
Quartiles Significance Quartiles Significance Quartiles Significance Quartiles Significance
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X = p<0.05 %
box = p<0.01
boox = p<0.001 OA

YAWT = Young adult wild-type
YAA =Young adult Ames
OWT = Old wild-type

OA = 0Old Ames

Manually Outlinded Cells Thresholded Cells

Figure S1. Methodology used for measuring cardiomyocytes. Areas of 100 cells per group (~33 per heart) were
outlined and bucket-filled in Gimp and analyzed in Image]. Where cells were adjacent, care was taken to manually make a
clean and minimal-width division of their respective areas. Data from all the fields were combined and analyzed in Mini-
tabl4®.
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H&E Stain Color Deconvolution De-Noised

Figure S2. Methodology used for measuring nuclei. Areas of 1500 nuclei per group were determined by col-
or-deconvolution of H&E-stained heart sections in Imaje), manual de-noising in Gimp, and particle analysis in Image]. Areas
of nuclei were measured and tabulated in Image], and size distributions were analyzed using Minitab|4.

Figure S3. Methodology used for measuring collagen. Collagen was measured by color-deconvolution of images
from Masson-trichrome-stained heart sections. TIFF images obtained at 200x total magnification (a) were thresholded to
obtain the area of tissue leaving out voids (b). Original images were color-deconvolved using the “Haematoxylin Eosin &
DAB” (c), “Haematoxylin & DAB” (4d), and “Alcian Blue & Haematoxylin” (4e) filters in Image]. The deconvolved images
were combined in Gimp and thresholded in Image] (f). The resulting thresholded images were particle-analyzed in Image].
Area percentage of collagen was obtained by division of the combined image (f) by the total tissue image. Lists of collagen
percentage were analyzed using Minitab | 4®.
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