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Abstract: Calorie restriction (CR) and inhibition of the growth hormone (GH)-insulin-like growth factor (IGF)-1 axis
have been extensively investigated regarding their regulatory effects on aging processes and lifespan. Because CR
moderately inhibits GH-IGF-1 signaling, the signal pathway may underlie the effect of CR. Our transgenic (tg/—) rat
model, in which the GH-IGF-1 axis is modestly inhibited by overexpression of an antisense GH gene, showed similar
characteristics to wild-type (WT)-CR rats in terms of lifespan extension, stress resistance and some neuroendocrine
activities. Long-lived GH-receptor (GHR)-knockout (KO) mice, which are deficient in plasma IGF-1, showed no
additional increase in lifespan by CR. These findings suggest importance of the GH signaling in the effect of CR. By
contrast, the lifespan in Ames dwarf mice, in which the plasma IGF-1 level is also very low, was further increased by CR,
suggesting presence of a pathway rather than the GH-IGF-1 axis in the effect of CR. Although the GH-IGF-1 axis may not
be a sole pathway, many findings support the role for the GH-IGF-1 axis in the effects of CR. Longevity may be linked to
retained cognitive functions in advanced ages. However, longevity models do not necessarily retain cognitive function or
neuronal resistance to oxidative or neurotoxic stresses. IGF-1 signaling in the brain is differently regulated among those
longevity models, even though systemic IGF-1 signaling is attenuated in most of the models. Knowledge on the regulation
of the GH-IGF-1 axis in the brain in these longevity models could help us to devise interventions that retard aging-

dependent neurodegenerative processes.
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I. INTRODUCTION

Aging phenotypes are diverse, even in inbred strains of
mice. Therefore, it seems unlikely that researchers could
identify a fundamental mechanism(s) responsible for aging
and thus devise anti-aging interventions. Surprisingly,
however, a simple reduction in food or calorie intake, while
providing essential nutrients, consistently retards many aging
processes and even extends the lifespan in many organisms
[1]. Spontaneous mutation or genetic manipulation of a
single gene also extends lifespan in mammals as well as
invertebrates [2]. These non-genetic and genetic longevity
models have revealed evolutionary-conserved signal
pathways that regulate aging and lifespan [3].

In rodents, over 20 genes have already been reported to
promote longevity [2]. Many of these genes encode signaling
molecules involved in energy metabolism and neuro-
endocrine systems. Of these, the growth hormone (GH)-
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insulin-like growth factor (IGF)-1 axis is a particularly
robust pathway that regulates lifespan in a range of
organisms [2, 3]. Loss-of-function and reduction-of-function
mutations in genes involved in this pathway prolong
lifespan, as compared with their wild-type (WT)
counterparts. In contrast, overexpression of the GH gene
leads to premature aging and shortened lifespan [4]. In CR
rodents, the plasma GH and/or IGF-1 levels are decreased
[5-7]. Collectively, these findings indicate that the GH-IGF-
1 axis is a major signaling pathway that regulates the aging
process and is thus involved in the anti-aging effects of CR.

In this chapter, we discuss the roles of the GH-IGF-1
axis in the regulation of aging and the effects of CR by
summarizing recent findings in animal models of longevity.
We pay particular attention to the similar neuroendocrine
activities in transgenic dwarf rats and CR rats. Finally, we
discuss findings on age-related cognitive function and
neuronal resistance to stress in some of the longevity models,
and the roles of the IGF-1 signaling pathway in the
regulation of aging in the brain.
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II. ROLES OF THE GH-IGF-1 AXIS IN THE
EFFECTS OF CR

The synthesis and secretion of GH in the pituitary gland
are regulated by hypothalamic GH-releasing hormone
(GHRH) and somatostatin (SRIH) in a competitive manner
[8]. GH stimulates IGF-1 production, mostly in the liver.
However, other tissues, such as the brain, skeletal muscle
and white adipose tissue, also produce IGF-1 [10]. It is
estimated that 80% of the circulating IGF-1 is derived from
the liver [9, 10]; IGF-1 produced in the other tissues could
also contribute to alterations in the plasma IGF-1
concentration to some extent.

Total or partial disruption of the hypothalamic—pituitary—
peripheral tissue axis for GH and IGF-1 consistently extends
the lifespan in rodents. For example, “little (lit/lit)” mice, in
which the GHRH receptor (GHRH-R) gene is mutated,
showed dwarfism and outlived WT mice when fed low
protein diets [11]. KO of the GH receptor/binding protein
(GHR) gene leads to GH resistance in peripheral tissues and
thus plasma IGF-1 deficiencies, and ultimately extended the
lifespan in mice [12]. Meanwhile, female, but not male,
heterozygous IGF-1 receptor KO (IGF-1R (+/-)) mice also
lived longer than WT mice [13]. Ames dwarf mice lacking
pituitary GH, prolactin (PRL) and thyroid-stimulating
hormone (TSH) because of a loss-of-function mutation of the
prop-1 gene also outlived their WT counterparts [14].
Although deficiencies in PRL and/or TSH might affect the
lifespan of Ames mice, a recent study revealed that the GH
signal plays a major role in lifespan extension in this model
exhibiting pituitary dysfunction [15].

The GH-IGF-1 axis seems to be a key signaling pathway
that mediates the effect of CR, because CR abolishes the
pulsatile secretion of GH at a young age [5], and modestly
reduces the circulating IGF-1 levels in rodents [6, 7].
However, epistasis analyses on Ames and GHR-KO mice are
inconclusive. Both longevity models exhibit plasma IGF-1
deficiencies [12, 16], because of a deficit of GH secreting
cells and GH resistance in peripheral tissues. Notably, CR
did not further increase the lifespan in GHR-KO mice [17],
but did further extend the lifespan in Ames mice [18]. The
results obtained in GHR-KO mice emphasize the importance
of GH-IGF-1 signaling in the effects of CR, while the
findings in Ames mice suggest the presence of mechanisms
other than GH-IGF-1 signaling.

In Ames mice, deficiencies in PRL and TSH might
confound the effects of CR on longevity. For example, the mean
lifespan of Ames mice fed ad libitum (AL) was reported to be
1000 days [14], while the lifespan of GHR-KO mice fed AL
was 1139 days [12]. Although the genetic background of mice
and animal husbandry differed between these studies, it seems
that the deficits in PRL and TSH shortened the lifespan of Ames
mice. In fact, experimentally induced hypothyroidism augments
oxidative stress in rodents [19].

The genetic background of mice is also critical for the
response to CR. In a study of 41 recombinant inbred strains
of mice, 40% CR did not increase the lifespan in over 50%
of the mouse strains [20]. In the study of GHR-KO mice, CR
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extended the lifespan of control wild-type mice (a cross of
1290Ila and Balbc mice) by 16% [17], while in the Ames
mouse study, CR extended the lifespan of control WT mice
(Oca2p/Oca2p propl df/+) by 32% [18]. Thus, the longer
lifespan in the AL group of GHR-KO mice and the lower
responsiveness of the genetic background of GHR-KO mice
might mask the potential effects of CR in the GHR-KO
mice, as compared with Ames mice.

ITI. A TRANSGENIC DWARF RAT MODEL

We previously reported that a strain of transgenic
heterozygous (tg/—) rats, in which the pituitary GH synthesis
and/or secretion is modestly inhibited by overexpression of
antisense GH genes [21], outlived wild-type (WT) Wistar
(Jel:Wistar) rats, even if fed AL [22]. The plasma IGF-1
concentration in the tg/—AL rats was reduced by 60% of that
in the WT-AL rats (Fig. 1A, Table 1; [7]). Meanwhile, the
level in the WT-CR rats was reduced by 82% and 73% of
that in the WT-AL rats in the fed and fasted phases of CR,
respectively. Therefore, the GH-IGF-1 axis is modestly
inhibited in the tg/— rats, as in WT-CR rats. CR in the tg/—
rats further decreased the plasma IGF-1 levels, even in the
fed phase (Fig. 1A), indicating that the GH-IGF-1 axis in
these rats is still responsive to reduced energy intake.
Accordingly, the tg/— rat model differs from the GHR-KO
and Ames dwarf mice, in which the plasma IGF-1
concentrations were extremely low [12, 16].

A series of experiments has revealed that the tg/—AL rats
shared similarities with the WT-CR rats. The food intake of
tg/—AL rats was 20-30% less than that of WT-AL rats
during the lifespan study [22], and thus the food intake of
tg/—AL rats was similar to that provided for the WT-CR
(30% CR) rats [7]. The body weight of tg/—AL rats was also
similar to that of the WT-CR rats [7]. Non-fasting serum
insulin levels [7] and glucose-stimulated serum insulin
responses [23] were lower in tg/—AL and WT-CR rats than
in the WT-AL rats. Stress resistance, which characterizes CR
animals, was also noted in the tg/—AL rats [24]. These
findings support the notion that modest inhibition of the
GH-IGF-1 axis mediates some of the effects of CR.

We assessed the GHRH and SRIH-mRNA expression
levels in the arcuate nuclei of hypothalamus in tg/— and WT
rats fed AL or CR diets. The mRNA levels were measured
by quantitative real-time PCR using mRNA extracted from
microdissected arcuate nuclei, as described elsewhere [25,
26]. CR significantly reduced the GHRH-mRNA level in
both tg/~ and WT rats, regardless of the fed or fasted
condition in the CR regimen (Fig. 1B). The tg/~ rats
exhibited lower levels of the GHRH-mRNA, although
statistically insignificant. There was no significant difference
in the SRIH-mRNA level between the WT and tg/— rats (Fig.
1C). CR did not significantly affect the SRIH-mRNA level.

As expected, the pituitary GH-mRNA expression level was
significantly reduced in the tg/~ rats (Fig. 1D). CR decreased the
GH-mRNA expression level in WT rats, but not in tg/~ rats.
There was no significant difference between the CR-fed and -
fasted phases. Thus, in the WT rats, CR inhibits the stimulatory
signal in the hypothalamus and in the pituitary gland.
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Fig. (1). The hypothalamic-pituitary axis in wild-type (WT) calorie-
restricted (CR) rats and transgenic (tg/~) fed ad libitum (AL) rats in
a feeding cycle at 6-months of age. A) Plasma IGF-1
concentrations. B) Growth hormone (GH)-releasing hormone
(GHRH) and C) somatostatin (SRIH) mRNA expression in the
arcuate nucleus of the hypothalamus. D) Pituitary GH-mRNA
expression. Bars represent mean + standard error (n = 5-12 for
plasma IGF-1; n = 5-6 for GHRH and SRIH mRNA; n = 3—4 for
pituitary GH mRNA). * p < 0.05 versus the corresponding AL
groups and # p < 0.05 versus each feeding phase in the WT rat
group by one-factor ANOVA followed by the Tukey-Kramer post
hoc test for multiple comparisons. The materials and methods are
published in more detail elsewhere [25, 28].

In tg/~ rats, the GH-mRNA expression was not
significantly different between the feeding phases. The anti-
GH transgene, which consisted of four copies of the thyroid
hormone response element, the rat GH promoter, and anti-
sense cDNA sequences for rat GH, was genetically
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engineered to be expressed in a similar manner to that of the
intrinsic GH gene [21]. The expression of anti-GH-mRNA
was confirmed in the expected tissues, namely the pituitary
gland and the thymus, but not in the other tissues examined
[22]. These findings on GH-mRNA in tg/—AL rats indicate
that the antisense GH-mRNA effectively antagonizes GH-
mRNA expression.

Our studies also showed that the expression of antisense
GH-mRNA from early development modestly inhibited the
somatotrophic axis and lead to smaller body size in Wistar male
rats. The tg/— rats responded to 30% CR by further suppression
of the somatotrophic axis and lifespan extension [7].

Circulating IGF-1 inhibits the pituitary gland and the
hypothalamus by negative feedback pathways [8]. Under
physiological conditions but not extreme conditions (e.g.,
protein malnutrition or long-term fasting), the hypothalamic—
pituitary—peripheral tissue axis maintains somatotrophic
homeostasis via this feedback mechanism [27].

We evaluated the feedback response to recombinant
human (rh)IGF-1 in WT-AL, WT-CR and tg/—AL rats [28].
rhIGF-1 or control saline was administered for 14 days via
osmotic mini-pumps that were implanted subcutaneously in
the interscapular region. thIGF-1 administration increased
body weight in all three groups of rats by about 3% increase,
but it did not affect cumulative food intake [28]. The mass of
the perirenal fat pad, normalized for body weight, was
decreased by 23% in WT-AL rats, but was unchanged in the
WT-CR and tg/—AL rats. The metabolic actions of IGF-1
are complex, exerting GH-like and insulin-like effects in
vivo depending on the dose and the mode of administration
[29]. In most cases, IGF-1 mediates the protein anabolic
actions of GH by selectively increasing whole-body protein
synthesis [30]. GH also exhibits a lipolytic effect that is
independent of IGF-1 and is probably achieved through
changes in insulin levels and activity [31].

Administration of rhIGF-1 for 14 days activated the
endogenous negative feedback pathway controlling the GH-—
IGF-1 axis. As a result, the pituitary GH-mRNA levels were
slightly reduced by rhIGF-1 (Fig. 2A, Table 2), with a greater
effect in WT-AL rats than in tg/—AL rats. Of the total serum
IGF-1, 20-30% was replaced by human IGF-1 (Fig. 2B), and
reduced the rat native IGF-1 levels by an equivalent amount.

In the rhIGF-1 infusion experiment, we determined the
mRNA levels in the liver and white adipose tissue. In the
liver, the IGF-1-mRNA level did not differ between the WT-
AL and WT-CR rats (Fig. 2C), but was lower in the Tg-AL
rats. thIGF-1 infusion did not significantly affect IGF-1-
mRNA expression. In perirenal fat tissue, IGF-1-mRNA
expression was greatest in the WT-AL rats (Fig. 2D), but
was not different between the WT-CR and Tg-AL rats.
Notably, rhIGF-1 infusion significantly reduced the mRNA
level only in the perirenal fat tissue of the WT-AL rats.

Hepatic IGF-1- mRNA expression does not seem to be
directly regulated by IGF-1 in adult rats, because there are
very few IGF-1 binding sites in the adult rat liver [32]. In
contrast, conditional IGF-1R inactivation in adipose tissue
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Fig. (2). Effects of recombinant human (rh) insulin-like growth
factor (IGF)-1 administration on the pituitary—peripheral tissue axis
in wild-type (WT) calorie-restricted (CR) rats and transgenic (tg/—)
rats fed ad libitum (AL). A) Serum IGF-1 concentration. B)
Pituitary GH-mRNA expression. C and D) IGF-1-mRNA
expression in the liver (C) and perirenal adipose tissue (D). The
details are described elsewhere [28]. It should be noted that the
experimental rats were killed at 9 months of age after an overnight
fast, which decreased the difference in serum IGF-1 levels between
the WT-AL and WT-CR rats. Of the data published [28], only the
saline-injected groups were used to develop these figures. Bars
represent mean + standard error (n = 4-5). * p < 0.05 versus the
corresponding AL groups and # p < 0.05 versus each feeding phase
in the WT rat group by one-factor ANOVA followed by the Tukey-
Kramer post hoc test for multiple comparisons.
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increased somatic growth by elevating serum IGF-1
concentrations in mice [33]. In these mice, the IGF-1-mRNA
levels were increased in adipose tissue and in the liver.
Those findings suggest that the IGF-1 signal in adipose
tissue participates in somatotrophic homeostasis.

In our study, the hepatic IGF-1-mRNA was not
significantly affected by rhIGF-1 infusion in all three rat
groups. However, adipose tissue IGF-1-mRNA expression
was considerably reduced by rhIGF-1, but only in the WT-
AL rats. The decreased serum IGF-1 concentration in the
WT-AL rats could be explained by the reduced IGF-1-
mRNA expression in the adipose tissue, and by the fact that
the size of the fat pad was significantly decreased in the WT-
AL rats [28]. The adipose tissue in the WT-CR and Tg-AL
rats was refractory to exogenously administered rhIGF-1 in
terms of IGF-1-mRNA expression. Nonetheless, the serum
native IGF-1 level decreased in the WT-CR and Tg-AL rats
in a similar fashion to that in the WT-AL rats. These findings
suggest that CR causes specific changes in the regulation of
serum levels of IGF-1, and that modest inhibition of the GH
axis mimics the CR-specific metabolic milieu that is
associated with the adipose tissue. Adiponectin, which is
secreted from adipose tissue, sensitizes insulin actions and
attenuates inflammation in vessels [34, 35]. Interestingly,
overexpression of adiponectin was reported to prolong the
lifespan in mice [36]. rhIGF-1 infusion reversed the
increased plasma adiponectin concentration in WT-CR and
tg/—AL rats to a level similar to that in WT-AL rats [28].
Thus, metabolic changes in the adipose tissue induced by
modest inhibition of the GH-IGF-1 axis could be attributable
to the anti-aging effects of CR, although the precise
mechanisms involved are elusive. Collectively, our studies
suggest that the GH-IGF-1 axis is a key signaling pathway
in the effects of CR.

IV. COGNITIVE FUNCTIONS AND NEURONAL
RESISTANCE TO STRESS IN THE LONGEVITY
MODELS

Longevity may be linked to the retention of cognitive
functions in older age. In other words, a mechanism by
which lifespan, particularly a healthy lifespan, is prolonged
also protects against the onset of age-related cognitive
disorders.

There is ample evidence showing the beneficial effects of
CR on cognitive functions in aging rodents. However, many
of these findings have been derived from disease models,
including high-fat diet models and Alzheimer disease models
[37, 38]. The effects of CR on age-related cognitive disorders
in rodents fed standard diets are controversial. A behavioral
test (the Barnes maze test) in a mouse model of Alzheimer
disease showed that CR enhanced the learning of new tasks
and the retention of the learned tasks in the model mice [39].
However, in the control WT mice, CR did not significantly
affect spatial reference memory performance. Yanai et al. [40]
also reported that CR had negative effects on cognitive
function in rats, although the level of dietary restriction
seemed to be more severe than the standard experimental
levels (30—40%), as the body weight was only 280 g in the CR
group versus approximately 800 g in the AL group. A recent
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Table 1. The Hypothalamic-Pituitary Axis in Wild-Type (WT) Calorie-Restricted (CR) Rats and Transgenic (tg/-) Fed ad Libitum
(AL) Rats in a Feeding Cycle at 6-Months of Age
WT tg/—
AL CR-Fed CR-Fasted AL CR-Fed CR-Fasted
1058 + 37 864 +32° 773 £25 627 + 40 346 + 18" n/a
Serum IGF-1 (ng/ml)
[12] (6] (6] [5] [5] [0]
1.000 + 0.207 0.403 +0.080° 0.404 +0.104" 0.712 +£0.061 0.340 +0.090° 0.419 +0.051°
GHRH-mRNA
[5] (6] (6] (6] [5] (6]
1.000 £ 0.225 0.926 + 0.066 0.800 =+ 0.084 1.081£0.111 0.864 + 0.209 0.842+0.113
SRIH-mRNA
[5] (6] (6] (6] [5] (6]
1.000 + 0.041 0.669 +0.054" 0.775 +0.020° 0.212 +0.054" 0.219 +0.014* 0.286 +0.010"
GH-mRNA
(4] (3] (3] (3] (3] (3]

Data are illustrated in Fig. (1). Data represent means = SE [number of rats examined]. The mRNA expression levels are normalized by those in the WT-AL group. GHRH, growth
hormone-releasing hormone: SRIH, somatostatin: GH, growth hormone: CR-fed and CR-fasted, 30% dietary restricted feeding groups while sacrificed in the first day and the second
day of 2-day feeding cycle respectively (see the rat husbandry for the CR regimen [26]). * p < 0.05 versus the corresponding AL groups and # p < 0.05 versus each feeding phase in
the WT rat group by one-factor ANOVA followed by the Tukey-Kramer post hoc test for multiple comparisons.

Table2. Effects of Recombinant Human (rh) Insulin-Like Growth Factor (IGF)-1 Administration on the Pituitary—Peripheral
Tissue Axis in Wild-Type (WT) Calorie-Restricted (CR) Rats and Transgenic (tg/~) Rats Fed ad Libitum (AL)
WT-AL WT-CR Tg/— AL
Saline IGF-1 Saline IGF-1 Saline IGF-1
1.000 £ 0.088 1.157 £0.098" 1.134£0.077* 1.031£0.028 0.842 £ 0.026" 0.781 £ 0.036"
GH-mRNA
[5] [5] [5] [5] [4] [5]
1433 £50 975+ 47" 1269 £ 113 975 +77 1014 + 90" 779 £90
Serum IGF-1 (ng/ml)
[5] [5] [5] [5] [4] [5]
1.000 + 0.068 1.157 £0.098 1.134+£0.077 1.031 +£0.028 0.842 +0.026 0.781 £ 0.036"
Hepatic IGF-1 mRNA
[5] [5] [5] [5] [4] [5]
1.000+0.213 0.486 £ 0.059" 0.202 £ 0.068* 0.198 £ 0.025 0.292 £ 0.057* 0.365+0.119
Perirenal fat IGF-1 mRNA
[5] [5] [5] [5] [4] [5]

Data are illustrated in Fig. (2). Data represent means + SE [number of rats examined]. The mRNA expression levels are normalized by those in the WT-AL group. The details are
described elsewhere [28]. * p < 0.05 versus the corresponding AL groups and # p < 0.05 versus each feeding phase in the WT rat group by one-factor ANOVA followed by the

Tukey-Kramer post hoc test for multiple comparisons.

study also showed that CR resulted in an overall increase in
physical activity, which may confound the outcomes of
behavioral cognitive function tests [41]. Thus, rodent
experiments to examine the effects of CR on cognitive
function should be carefully conducted and interpreted.

Snell mice, which show the same phenotype to that of
Ames mice and also live longer [11], have been reported to
exhibit abnormal behaviors and a reduction in the number of
hypothalamic neurons [42]; recent studies have shown that
Ames mice retain their cognitive function and locomotor
activities to advanced ages [43]. In accordance with these
findings, Ames mice had greater numbers of new neuronal
cells in the granular cell layer of the dentate gyrus of the
hippocampus at 3 and 20 months of age [44, 45]. In the
hippocampus, IGF-1 protein and phosphorylated Akt levels
were also increased, suggesting that the IGF-1-mediating cell
survival signal is augmented in Ames mice as compared to
wild type mice. Concomitantly, the expression level of an

anti-apoptotic protein (Bcl-2) was greater in Ames mice,
whereas Bad, an apoptotic protein, was predominantly
phosphorylated and thus inactivated, and cleaved caspase-9,
a proapoptotic protein, was decreased in Ames mice [45].
Collectively, these findings suggest that hippocampal
neurons are relatively preserved by the enhanced IGF-1
signaling in Ames mice, thus maintaining cognitive function
to an advanced age.

Using an organotypic slice system of neurons cultured
from hippocampi of adult Ames mice and WT mice, Schrag
et al. [46] reported that the hippocampal slices from Ames
mice were resistant to beta-amyloid-induced
hyperphosphorylation of Tau protein, which promotes
neuronal death. In contrast, another study showed that Ames
dwarf mice are more vulnerable to kainic acid (KA), which
is neuroexcitotoxic and epileptogenic acting through specific
kainite ionotropic receptors [47]. In that study,
administration of KA induced seizure and hippocampal
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neurodegeneration in Ames mice, but not in WT type mice.
In fact, a 2-fold higher dose of KA was required in WT mice
to induce similar degrees of seizure and neurodegeneration.
The hippocampal-based spatial memory of Ames and WT
mice, in which a similar degree of neurodegeneration was
induced by different doses of KA (equiseizure dose), was
evaluated by the Barnes maze and the T-maze. Intriguingly,
in that study, Ames mice retained their spatial memory as
compared with the WT mice [47]. Sharma and colleagues
concluded that Ames dwarf mice had an enhanced defense
capacity against the neurotoxin in the hippocampus, although
the interpretation seems to be controversial.

In contrast to Ames mice, IGF-1R (+/~) mice are more
vulnerable to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), a neurotoxin precursor metabolized into the toxic
cation 1-methyl-4-phenylpyridinium by monoamine oxidase
B [48]. Indeed, MPTP induced more severe lesions in the
dopaminergic neurons of the substantia nigra in IGF-1R (+/—
) mice than in WT mice. In this situation, the ROS and NO
levels were lower in IGF-1R (+/-) mice, suggesting that the
vulnerability is not caused by oxidative stress. Microarray
analysis suggested an antineuroinflammatory role of IGF-1,
as its the gene expression profile reflected an exaggerated
inflammatory reaction that may explain the increased
damage in the brain of IGF-1R (+/-) mice [48]. It should be
noted, however, that this experiment was conducted in male
KO mice that did not exhibit significantly increased lifespan
or oxidative stress resistance [13]. In the original report, only
female IGF-1R (+/-) mice had a prolonged lifespan and
resistance to oxidative stress.

Replenishment of GH in Lewis strain-derived dwarf
(dw/dw) rats aged between 4 and 15 weeks old increased
their lifespan when compared with control (dw/+) and
untreated dw/dw rats [49], although the life-prolonging
effect was observed in male but not female rats. Since the
plasma IGF-1 returned to the baseline level (40% lower than
the level in control non-dwarf rats) after stopping GH
treatment, the paradigm was designated as adult-onset GH
and IGF-1 deficiency (AO-GHD). In the AO-GHD model,
IGF-1 concentrations in the cerebrospinal fluid (CSF) were
also increased during the GH administration, whereas the
CSF IGF-1 level declined to the baseline levels in the dwarf
rats after stopping GH treatment [50]. In this AO-GHD
model, the cell proliferation rate in the DG in the
hippocampus did not differ from those in GH-replenished
dwarf rats and control dwarf rats. GH-IGF-1 deficiency did
not affect the differentiation of new cells into neuronal cells.
However, the number of new neurons in the DG was reduced
in the AO-GHD rats. These findings also suggest the
prosurvival effects of the local IGF-1 signal in neuronal
cells. GH treatment increases glucose utilization and energy
metabolism in the brain [51], while deficiencies in
circulating GH/IGF-1 potentially promote brain aging.

In summary, reduced GH-IGF-1 signaling prolongs the
lifespan of rodents. The mechanism is probably involved in
the effect of CR. However, these longevity paradigms are
not consistently linked to the preservation of cognitive
function, neuronal resistance to stress, or the survival of
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neurons in the brain. Although the plasma IGF-1 level was
reduced or IGF-1R was inactivated in the target tissues in the
longevity models, only Ames dwarf mice show higher levels
of IGF-1 in the brain. The molecular basis of the regulation
of IGF-1 signaling in peripheral tissues, particularly in the
brain, should be investigated in these animal models of
longevity.
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