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Do long-lived mutant and calorie-restricted mice share
common anti-aging mechanisms?—a pathological

point of view
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Abstract Rodent models are an invaluable re-
source for studying the mechanism of mammalian
aging. In recent years, the availability of trans-
genic and knockout mouse models has facilitated
the study of potential mechanisms of aging. Since
1996, aging studies with several long-lived mutant
mice have been conducted. Studies with the long-
lived mutant mice, Ames and Snell dwarf, and
growth hormone receptor/binding protein knock-
out mice, are currently providing important clues
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regarding the role of the growth hormone/insulin
like growth factor-1 axis in the aging process.
Interestingly, these studies demonstrate that
these long-lived mutant mice have physiological
characteristics that are similar to the effects of
calorie restriction, which has been the most
effective experimental manipulation capable of
extending lifespan in various species. However, a
question remains to be answered: do these long-
lived mutant and calorie-restricted mice extend
their lifespan through a common underlying
mechanism?
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Abbreviations

CR caloric restriction

GH growth hormone

GHR growth hormone receptor

GHR/BP growth hormone receptor/binding
protein

KO knockout

PRL prolactin

IGF-1 insulin-like growth factor-1

TSH thyroid stimulating hormone

T3 triiodo-thyronnine

T4 thyroxine

AL ad libitum
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Introduction

Interventions of aging by various experimental
manipulations could provide gerontologists with
the opportunity to seek the basic mechanisms
underlying aging processes. McCay et al. first
reported 70 years ago that restriction of food
intake of rats soon after weaning increases their
lifespan (McCay et al. 1935). Since this seminal
report, caloric restriction (CR) has represented
the most effective intervention by which to
explore underlying mechanism(s) of aging
(Masoro et al. 1982; Weindruch and Walford
1988). CR attenuates much of the physiological
decline associated with aging, and produces
increases in both median and maximum lifespan,
and suppression of many age-related diseases in
rodents (Maeda et al. 1985; Masoro 1988;
Weindruch and Walford 1988; Yu et al. 1982).
Thereby, CR has been considered as a “gold
standard” for anti-aging effects.

In 1996, Brown-Borg et al. reported that Ames
dwarf mice have extended lifespan compared to
their normal littermates (Brown-Borg et al.
1996). Subsequently, Snell dwarf and growth
hormone receptor/binding protein (GHR/BP)
knockout (KO) mice have also been shown to
have a longer lifespan compared to their normal
control groups (Coschigano et al. 2000; Flurkey
et al. 2001). Over the past decade, these long-
lived mutant mice have drawn much attention in
aging research because of their marked life
extension by a single gene mutation. Information
obtained from these mouse models, combined
with data derived from the study of calorie-
restricted animals, could provide a major advan-
tage to seek the underlying mechanism(s) of
mammalian aging. Studies have demonstrated
that some of the physiological characteristics of
long-lived mutant mice are similar to those of CR
mice (Bartke et al. 2001a). In spite of the
similarity of some of the physiological character-
istics, a question that still remains to be solved is
whether long-lived mutant and calorie-restricted
mice extend their lifespan through a common
mechanism or different independent underlying
mechanisms.

In this review, we will compare the patholog-
ical profile of Ames dwarf, GHR/BP KO, and
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calorie-restricted mice, and discuss if, from a
pathological point of view, the long-lived mutant
and CR mice share common underlying mecha-
nisms to extend the lifespan.

Ames and Snell dwarf mice
Ames dwarf mice

Ames dwarf mice are the first mouse model to
show a delayed aging process and a remarkable
lifespan extension by a single gene mutation
(Brown-Borg et al. 1996). The extension of life-
span is approximately 50% in males and more
than 60% in females (Brown-Borg et al. 1996).
Ames dwarf mice are very intriguing animals for
aging research not only because of their remark-
able lifespan extension, but also because of some
of their physiological characteristics, which are
similar to those of CR mice (Bartke et al. 2001a).

Ames dwarf mice are homozygous for a
recessive mutation at a gene named Prophet of
Pit-1 (Prop-1; Sornson et al. 1996), which causes
developmental arrest in the anterior pituitary
gland of these mice. As a result of this develop-
mental arrest, the somatotrophs, which normally
produce growth hormone (GH), the lactotrophs,
which normally produce prolactin (PRL), and the
thyrotrophs, which normally produce thyroid
stimulating hormone (TSH), fail to differentiate.
This makes Ames dwarf mice deficient in GH,
PRL (Bartke 1964, 1965, 2000; Sornson et al.
1996) and TSH (Bartke 1964). These endocrine
changes in Ames dwarf mice are found to lead to
the various physiological changes (Bartke 2000).
The physiological characteristics related to the
endocrine changes in Ames dwarf mice are: (1)
small body size; (2) reduced core body tempera-
ture; (3) delayed sexual maturation; (4) reduced
plasma glucose levels and increased insulin sen-
sitivity; and (5) reduced levels of various hor-
mones and growth factors, e.g., insulin, and
insulin-like growth factor-1 (IGF-1) (Bartke
1964; Bartke et al. 2001a). At birth, Ames dwarf
mice are approximately normal size, but their
growth rate is substantially less than normal
siblings. The body weight of adult Ames dwarf
mice is approximately one-third of normal sib-
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lings. Deficiency of GH results in suppression of
plasma IGF-1 levels, which may play an impor-
tant role in their small body size. GH is also well
known for its action in decreasing insulin sensi-
tivity, and Ames dwarf mice exhibit increased
insulin sensitivity (Dominici et al. 1999). There-
fore, deficiency of GH could also play important
roles in reduced plasma glucose and insulin.
Plasma thyroxin levels are extremely low due to
the reduced levels of TSH. The reduced levels of
thyroid hormone could presumably lower the
metabolic rate and reduce the core body temper-
ature. PRL deficiency is associated with delayed
sexual maturation and leads to infertility in
female Ames dwarf mice. Interestingly, these
physiological characteristics are similar to the
effects of CR in rodents.

CR is well known for not only its beneficial
effects on the aging process, but also on various
age-related diseases, i.e., delay and/or suppres-
sion of the occurrence of both neoplastic and
non-neoplastic diseases (Bronson and Lipman
1991; Ikeno et al. 2005; Iwasaki et al. 1988;
Maeda et al. 1985). Because of the marked
lifespan extension and similar physiological char-
acteristics observed in both Ames dwarf and CR
mice (Bartke et al. 2001a), it is of interest to
examine the age-related pathological changes in
Ames dwarf mice. Our group conducted patho-
logical analyses of Ames dwarf as compared to
normal mice (Ikeno et al. 2003). Our study
demonstrated that the percentage of tumor-
bearing mice (the percent of mice having neo-
plastic lesions in the group) and the tumor burden
(the number of different tumors found in a
mouse) were similar in Ames dwarf mice and
their normal siblings. However, fatal neoplastic
disease was shown to occur later in life in Ames
dwarf mice, and the severity of adenocarcinoma,
one of the major fatal lesions in these mice, was
significantly less in Ames dwarf mice compared
with their normal siblings, indicating that the
mutation in Ames dwarf mice may delay the
progression of fatal neoplastic disease. Ames
dwarf mice also showed delayed progression of
non-neoplastic lesions. The severity of glo-
merulonephritis, which is a major age-related
non-neoplastic lesion in these mice, was also
significantly less in Ames dwarf mice compared

with their normal siblings, which indicates that the
progression of glomerulonephritis in Ames dwarf
mice is delayed. Furthermore, Ames dwarf mice
showed significantly reduced disease burden and
slower age-related accumulation of various path-
ological changes compared with their normal
siblings. These findings indicate that Ames dwarf
mice maintain organ and whole-body integrity
during aging, thereby delaying the development
of both neoplastic and non-neoplastic diseases.
Delayed occurrence (progression) of both neo-
plastic and non-neoplastic lesions, and less disease
burden are also common pathological findings in
CR mice (Bronson and Lipman 1991; Ikeno et al.
2005). Therefore, Ames dwarf and CR mice
exhibit similarities as well as some differences in
pathological profiles (Ikeno et al. 2003).

Snell dwarf mice

In 1929, Snell (1929) reported the existence of a
recessive mutation that caused dwarfism in mice,
and named it “dwarf.” Snell dwarf mice are
homozygous for a recessive mutation at the
pituitary factor-1 (Pit-1) gene (Li et al. 1990).
Since the Pit-1 gene regulates the differentiation
of anterior pituitary cells, the mutation in this
gene, like that in Prop-1, causes deficiencies in
GH, PRL and TSH (Li et al. 1990). This
hormonal profile is identical to that of Ames
dwarf mice (Bartke et al. 2001a), and phenotypes
of Snell dwarf mice are very similar to the
phenotypes of Ames dwarf. The data on the
lifespan of Snell dwarf mice were controversial in
early studies. A study by Chen et al. (1972)
demonstrated that Snell dwarf mice had a shorter
lifespan than normal controls, which was associ-
ated with impaired T-cell dependent function,
suggesting accelerated aging in these mice. On
the other hand, Silberberg (1972) referred to the
“unusually long lifespan” of these mutants but
provided little data and no citations to support
this statement. Conclusive evidence that Snell
dwarf mice live longer than their normal siblings
was provided by Flurkey et al. (2001). In this
study, Snell dwarf mice (mixed genders) showed
a 42% longer mean lifespan compared to their
normal controls (Flurkey et al. 2001). Soon after
this exciting discovery, Flurkey et al. (2002)
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reported detailed analyses of the effects of
genetic background and gender on the lifespan
of Snell dwarf mice. Their study also stated that
the Snell dwarf mouse showed a delayed occur-
rence of age-related lesions; however, no pathol-
ogy data were presented. Age-related pathological
analyses of Snell dwarf mice were reported by
Vergara et al. (2004). In this study, the effects of
two hormonal treatments on lifespan were com-
pared to non-treated Snell dwarf and control
mice. For the pathological analyses, 45 Snell
dwarf and 45 control mice were examined
regardless of the hormonal regimen. Approxi-
mately 47% of the Snell dwarf mice had no
obvious pathological changes, while only 7% of
control mice showed no severe pathological
changes. Kidney pathology also showed less
advanced lesions in dwarfs compared to the
control groups. These findings were similar to
our pathological findings in Ames dwarf mice
(Ikeno et al. 2003). Interestingly, the overall
incidence of fatal neoplastic lesions seemed to
be lower in Snell dwarf mice (31%) than control
mice (66.7%). This interesting difference in
tumor incidence may need further exploration.

Growth hormone receptor/binding protein
knockout mice

After the exciting discoveries that Ames and
Snell dwarf mice showed a delayed aging process
and a remarkable lifespan extension from a single
gene mutation, studies with Ames and Snell
dwarf mice have focused on identifying the
underlying mechanism(s) of the anti-aging action
(Bartke 2000). Recent studies with these dwarf
mice strongly suggest that reduced levels of GH
and IGF-1 may have important anti-aging effects
that contribute to the extended lifespan of these
dwarf mice (Bartke et al. 2001a, Flurkey et al.
2001). However, the results with Ames and Snell
dwarf mice cannot rule out the possibility of
other hormonal changes playing an important
role in the life extension exhibited by these dwarf
mice because the Ames and Snell dwarf mice are
also deficient in PRL and TSH due to the
developmental arrest of the anterior pituitary
(Bartke 1964, 2000; Sornson et al. 1996). To
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examine the exact role of the GH/IGF-1 axis in
aging, it is of interest to conduct an aging study
using an animal model in which the primary
endocrine change is limited only to the GH/IGF-
1 axis. In 1997, Zhou et al. (1997) successfully
generated knockout (KO) mice for GH receptor/
GH binding protein (GHR/GHBP). This animal
model allowed gerontologists to dissect out the
role of the GH-IGF-1 axis in the patho-physiol-
ogy of aging from other hormonal changes seen
in Ames and Snell dwarf mice. As expected, these
GHR/BP KO mice showed some similarities and
differences when compared to the Ames and
Snell dwarf mice. Because of the absence of
GHR, the biological actions of GH are complete-
ly blocked, although these mice do have elevated
plasma GH levels (Zhou et al. 1997). As in dwarf
mice, a deficiency in the biological actions of GH
results in suppression of plasma IGF-1 levels,
which presumably accounts for reduced postnatal
growth (Zhou et al. 1997). These mice have small
body size, with adult GHR/BP KO mice body
weight being slightly greater than the body
weight of Snell and Ames dwarf mice. Despite
elevated plasma PRL levels (Chandrashekar et
al. 1999), GHR/BP KO mice showed both
delayed sexual maturation and reduced fertility
(Bartke et al. 2001a, b; Chandrashekar et al. 1999;
Zhou et al. 1997). Plasma levels of thyroid
hormones [both thyroxine (T4) and triiodo-thy-
ronnine (T3)] are slightly lower compared to
normal siblings (Hauck et al. 2001), which may
play a role in the slight decrease in core body
temperature of these mice (Bartke et al. 2001a).
Lack of biological actions of GH and suppression
of plasma IGF-1 levels seem to have similar
effects on plasma insulin and glucose levels, and
on insulin sensitivity compared to the Ames and
Snell dwarf mice, i.e., plasma glucose levels are
normal or reduced, plasma insulin levels are re-
duced, and insulin sensitivity is enhanced (Bartke
et al. 2001a). These mice also showed a signifi-
cant life extension compared to their normal
siblings (Coschigano et al. 2000, 2003; Bartke et
al. 2001a), which is strong evidence that the GH-
IGF-1 axis plays an important role in longevity.
Pathological analyses of GHR/BP KO mice
were also conducted by our group (Y. Ikeno and
G.B. Hubbard, unpublished data). Our study
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demonstrated that the percentage of tumor-
bearing mice (the percent of mice having neo-
plastic lesions in each group) was lower, and the
tumor burden (the number of different tumors
found in a mouse) was significantly less (approx-
imately half) in GHR/BP KO mice compared to
their normal siblings. GHR/BP KO mice also
showed a significantly lower incidence of fatal
neoplastic lesions compared to the normal sib-
lings. Thus, these data indicated that GHR/BP
KO mice showed an overall suppressed occur-
rence of tumor development compared to their
normal siblings. The changes found in the neo-
plastic lesions in GHR/BP KO mice were more
similar to the effects of CR (Bronson and Lipman
1991; Ikeno et al. 2005; Volk et al. 1994) than to
the results from studies of Ames dwarf mice, in
which little influence on the percentage of tumor-
bearing mice, tumor burden, and incidence of
fatal neoplasms was seen (Ikeno et al. 2003;
Mattison et al. 2000). In addition to its suppressed
occurrence, fatal neoplastic disease was shown to
occur later in life in GHR/BP KO mice, and the
severity of adenocarcinoma, which is one of the
major fatal diseases in these mice, was signifi-
cantly less in GHR/BP KO mice compared with
their normal siblings, indicating that the lack of
GH action in GHR/BP KO mice seemed to delay
the progression of fatal neoplastic disease. GHR/
BP KO mice also showed a delayed progression
of non-neoplastic lesions. The severity of glomer-
ulonephritis was significantly less in GHR/BP
KO mice compared with their normal siblings,
which also indicated that the progression of
glomerulonephritis in GHR/BP KO mice is
delayed, similar to Ames dwarf mice (Ikeno et
al. 2003), possibly due to reduced GH action.
Furthermore, compared with their normal sib-
lings, GHR/BP KO mice showed a significantly
lower disease burden and a slower age-related
accumulation of various pathological changes,
suggesting that GHR/BP KO mice maintained
organ and whole-body integrity during aging
similar to what is seen in Ames dwarf and CR
mice (Ikeno et al. 2003, 2005). This implication is
also supported by evidence showing that approx-
imately half of GHR/BP KO mice had no
obvious evidence of lethal pathology at death,
which is common in Ames and Snell dwarf, and

CR mice (Ikeno et al. 2003, 2005; Vergara et al.
2004). Overall, the pathological profile of the
GHR/BP KO mice showed similarities to those of
CR and Ames dwarf mice, but was more similar
to CR mice than to Ames dwarf mice.

Do long-lived mutant and calorie-restricted mice
share common anti-aging mechanisms?

Effects of CR on long-lived mutant mice

As described above, some of the physiological
characteristics of long-lived mutant mice are
similar to the effects of CR, e.g., small body size,
less food consumption per mouse and reduced
plasma IGF-1 and insulin levels. Therefore, it has
been argued that these long-lived mutant mice
could be mimics of CR. However, under standard
housing conditions (i.e., constant access to food),
Ames dwarf mice consume more food per gram of
body weight than their normal siblings (Mattison
et al. 2000), and frequently become obese.
Relative obesity (% fat) is greater in GHR/BP
KO mice than in normal siblings (Berryman et al.
2004). Thus, longevity of dwarf mice does not
appear to be due to “voluntary” CR. To directly
address this issue, Bartke et al. (2001b) conducted
an elegant study, in which the effects of CR on
lifespan were compared between Ames dwarf
and their normal siblings. This study demonstrat-
ed that CR produced further extension of lifespan
of Ames dwarf mice, which was also significantly
longer than CR wild-type controls. Bartke et al.
(2001b) have concluded that the mechanisms
underlying the extended lifespan of these dwarf
mice differ from those in CR for the following
reasons: (1) CR Ames dwarf mice showed further
life-extension compared to ad libitum (AL)-fed
Ames dwarf mice; and (2) the shape of survival
curves were different between AL-fed Ames
dwarf mice and CR wild-type mice. Effects of
Ames dwarfism on expression of insulin and IGF-
1-related genes and on wide profiles of hepatic
gene expression differed from the effects of CR
on the expression of the same genes (Masternak
et al. 2004; Tsuchiya et al. 2004). This conclusion
was also supported by pathological analyses of
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CR Ames dwarf mice conducted by our group
(Y. Ikeno and G.B. Hubbard, unpublished data).
Our study demonstrated that CR was associated
with a significantly lower incidence of fatal neo-
plasms in Ames dwarf and normal mice com-
pared to AL-fed normal siblings; although
incidence of fatal neoplastic lesions in AL-fed
Ames dwarf mice was similar to AL normal
siblings. The fatal neoplastic disease occurred at
older ages in the AL Ames dwarf and CR normal
siblings compared to those of AL normal siblings.
CR in Ames dwarf mice produced a further delay
in the occurrence of fatal neoplasms compared to
AL Ames dwarf and CR normal siblings. In
addition, the group of CR Ames dwarf mice had
higher incidences of death without obvious evi-
dence of lethal pathological changes (unknown
cause of death) than AL Ames dwarf mice, which
indicates that CR showed additive anti-aging
effects in Ames dwarf mice. The difference in
the pathological profiles in AL Ames dwarf mice
and CR normal mice, and additional suppression/
retardation of pathology by CR in Ames dwarf
mice support the conclusion by Bartke et al.
(2001b) that Ames dwarf mice are not merely
mimics of CR mice.

A study to test effects of CR on lifespan of
GHR/BP KO mice is ongoing. The survival data
from this study suggest that CR GHR/BR KO
mice show similar lifespan compared to AL-fed
GHR/BP KO mice (M. Bonkowski and A.
Bartke, unpublished data), which also support
the similarities in pathological profile between
AlL-fed GHR/BP KO and CR mice (Y. Ikeno
and G.B. Hubbard, unpublished data).

Do long-lived mutant and CR mice extend
their lifespans by common or
independent mechanisms?

The longevity and pathology data obtained from
studies of Ames dwarf, GHR/BP KO, and CR
mice may provide us with an opportunity to
dissect the possible common underlying anti-
cancer and anti-aging mechanism(s) of these
animal models from independent mechanisms.
The longevity and pathology data suggest that
Ames dwarf mice are not merely mimics of CR
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mice, but that Ames dwarf and CR mice share
some common underlying mechanisms as well as
having independent mechanisms for extended
longevity. This notion is supported by a study
comparing the gene expression patterns of CR
and Snell dwarf mice. The data showed a partial
overlap between CR and Snell dwarf mice,
suggesting that there are common as well as
independent mechanisms in their anti-aging ac-
tion (Miller et al. 2002). On the other hand, the
pathological profile of the GHR/BP KO mice
showed more similarities to the effects of CR
than to the pathological profile of Ames dwarf
mice. However, Miller’s group reported differ-
ences between GHRKO and CR mice in the
hepatic profile of gene expression.

The common endocrine changes among GHR/
BP KO, Ames dwarf and CR mice include
suppressed levels of peripheral IGF-1 due to
either GH resistance (GHR/BP KO mice), lack
of GH (Ames dwarf mice), or reduced plasma
GH levels (CR mice, at least initially). The
changes in GH action, which are associated with
reduced levels of peripheral IGF-1, seem to play
important roles in the delayed occurrence of fatal
neoplastic lesions, as well as in retarded somatic
growth and smaller adult body size (Bartke 2000;
Zhou et al. 1997), because IGF-1 is known for its
potent mitogenic and anti-apoptotic effects
(Bustin and Jenkins 2001). This idea was also
supported by some epidemiological studies indi-
cating correlations between plasma IGF-1 levels
and some tumors (Burroughs et al. 1999; Yu and
Rohan 2000), and a possible increase in the
incidence of and mortality from cancer following
GH treatment during childhood (Swerdlow et al.
2002).

Some non-neoplastic diseases seem to be
affected by changes in GH levels or action, as
was shown by the lessened severity of glomeru-
lonephritis in both GHR/BP KO and Ames dwarf
mice (Ikeno et al. 2003; Y. Ikeno and G.B.
Hubbard, unpublished data). Moreover, studies
of GH transgenic mice, which have pathologically
high levels of GH, showed that the early death of
these animals appears to be related primarily to
pathological changes in the kidney (glomerulo-
nephritis and glomerulosclerosis) (Wanke et al.
1992; Yang et al. 1993), IGF-1 transgenic mice
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did not exhibit such severe pathological changes
as GH transgenic mice (Doi et al. 1988), indicat-
ing the important role of GH in kidney pa-
thology. There is also evidence that CR rats
have reduced GH levels (at least initially)
(Sonntag et al. 1995) and that CR F344 rats and
CR C57BL/6 mice show significantly reduced
severity of kidney pathology compared to their
AL counterparts (Maeda et al. 1985; Ikeno et al.
2005). Therefore, reduced action of the GH/IGF-
1 axis seems to play a very important role in the
delayed progression of various age-related dis-
eases and reduced disease burden in the body,
which could be a major contributing factor
leading to the extended lifespan observed in the
long-lived mutants and CR mice.

As described above, the pathological profile of
Ames dwarf mice showed some differences
compared to CR and GHR/BP KO mice. CR
and GHR/BP KO mice showed a significantly
lower incidence of fatal neoplastic lesions com-
pared to their normal siblings, while Ames dwarf
mice showed a similar incidence of fatal neo-
plasms compared to their normal siblings (Ikeno
et al. 2003). CR showed some additive beneficial
effects on the pathology of Ames dwarf mice.
These results indicate there are some indepen-
dent underlying mechanisms between the Ames
dwarf mice, GHR/BP KO and CR mice. The
reason(s) behind these interesting differences
between GHR/BP KO, CR and Ames dwarf
mice remains to be identified. One possible
explanation could be that primary changes in
three major hormonal systems (somatotropic-,
thyrotropic-, and lactotropic-axis), manifested as
an “absence” of three vital pituitary hormones in
the Ames dwarf mouse, may cause negative
effects that counteract the anti-cancer actions
commonly seen in long-lived animals. For exam-
ple, GH and PRL have been shown to play
important roles in intrathymic T-cell differentia-
tion (De Mello-Coelho et al. 1998), and earlier
studies showed that the immune functions of
Ames dwarf mice are at subnormal levels
(Esquifino et al. 1991). Snell dwarf mice also
show suppressed B-cell development (Montecino-
Rodriguez et al. 1996). Contrary to the latter two
types of dwarf mice, GHR/BP KO mice show
increased plasma PRL levels (Chandrashekar

et al. 1999), which could be a compensatory
mechanism because PRL and GH have some
common actions. Thus, this elevated PRL level
could play an important role in some of the
immune functions in GHR/BP KO mice. CR is
also well known for its protective roles in age-
related changes in the immune system (Miller
1996). Since cell-mediated cytotoxicity by natural
killer cells is known for its destructive action on
cancers cells, possible changes in immune func-
tions could explain the differences observed in
the incidence of neoplastic diseases among the
three long-lived animal models. Changes in
immune function could also explain why CR
showed additive effects in Ames dwarf mice
(Bartke et al. 2001b) but not in GHR/BP KO
mice (M. Bonkowski and A. Bartke, unpublished
data). Further studies are necessary to uncover
the possible underlying mechanisms that could
explain the differences in pathology of these
animal models.

Overall, the pathology data suggest that
changes in the endocrine system, especially in
GH and IGF-1 levels, and subsequent patho-
physiological changes, play important roles in the
life-extension of long-lived mutant and CR mice.
We suspect therefore the presence of common
underlying mechanisms in Ames dwarf, GHR/BP
KO and CR mice related to functionally similar
changes in the endocrine system, especially the
GH/IGF-1 axis, and that the subsequent patho-
physiological changes play important roles in the
delay of various age-related pathologies and life
extension in these animals. However, indepen-
dent mechanisms that extend lifespan and change
age-related pathology may also exist and remain
to be identified in Ames dwarf, Snell dwarf,
GHR/BP KO and CR mice.
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