
J. Anat. (2000) 197, pp. 575–585, with 4 figures Printed in the United Kingdom 575

Review

The effects of growth hormone and IGF-1 deficiency on

cerebrovascular and brain ageing

WILLIAM E. SONNTAG, COLLEEN LYNCH, PHILLIP THORNTON, AMIR KHAN,

SEAN BENNETT AND RHONDA INGRAM

Department of Physiology and Pharmacology, Wake Forest University School of Medicine, Winston-Salem, NC, USA

(Accepted 1 July 2000)



Research studies clearly indicate that age-related changes in cellular and tissue function are linked to

decreases in the anabolic hormones, growth hormone and insulin-like growth factor (IGF)-1. Although there

has been extensive research on the effects of these hormones on bone and muscle mass, their effect on

cerebrovascular and brain ageing has received little attention. We have also observed that in response to

moderate calorie restriction (a treatment that increases mean and maximal lifespan by 30–40%), age-related

decreases in growth hormone secretion are ameliorated (despite a decline in plasma levels of IGF-1)

suggesting that some of the effects of calorie restriction are mediated by modifying the regulation of the

growth hormone}IGF-1 axis. Recently, we have observed that microvascular density on the surface of the

brain decreases with age and that these vascular changes are ameliorated by moderate calorie restriction.

Analysis of cerebral blood flow paralleled the changes in vasculature in both groups. Administration of

growth hormone for 28 d was also found to increase microvascular density in aged animals and further

analysis indicated that the cerebral vasculature is an important paracrine source of IGF-1 for the brain. In

subsequent studies, administration of GHRH (to increase endogenous release of growth hormone) or direct

administration of IGF-1 was shown to reverse the age-related decline in spatial working and reference

memory. Similarly, antagonism of IGF-1 action in the brains of young animals impaired both learning and

reference memory. Investigation of the mechanisms of action of IGF-1 suggested that this hormone regulates

age-related alterations in NMDA receptor subtypes (e.g. NMDAR2A and R2B). The beneficial role of

growth hormone and IGF-1 in ameliorating vascular and brain ageing are counterbalanced by their well-

recognised roles in age-related pathogenesis. Although research in this area is still evolving, our results

suggest that decreases in growth hormone and IGF-1 with age have both beneficial and deleterious effects.

Furthermore, part of the actions of moderate calorie restriction on tissue function and lifespan may be

mediated through alterations in the growth hormone}IGF-1 axis.
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Twenty years have elapsed since the first study was

published indicating that growth hormone pulse

amplitude decreases with age in rodents (Fig. 1)

(Sonntag et al. 1990). During this time, the age-related

changes in growth hormone and a closely related

growth factor (insulin-like growth factor-1 or IGF-1,
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demonstrated to be regulated by growth hormone)

have been established in virtually all mammalian

species. In humans, for example, growth hormone

secretory dynamics decline from high values in young

adults to be virtually absent after the age of 50–60 y

(Corpas et al. 1993). Similar changes have been noted

in several strains of rats and mice. In the initial studies

on age-related changes in growth hormone, it was



Fig. 1. Example of growth hormone secretory dynamics in young ad libitum fed (left), old ad libitum fed (centre), and old moderate calorie

restricted (right) Brown Norway rats. Blood samples were taken at 20 min intervals from 9:20 to 16:40 h. Data indicate a significant reduction

in growth hormone pulse amplitude with age that is ameliorated by moderate calorie restriction (from Sonntag et al. 1995).

proposed that decreases in this hormone contribute to

the age-related decline in muscle and bone mass and

subsequently the pathogenesis of ageing. Growth

hormone replacement for as little as 30 d was shown

to reverse the age-related decline in protein synthesis

in rodents (Sonntag et al. 1985) and longer treatments

in elderly humans increased nitrogen retention, skel-

etal muscle and bone mass (Rudman et al. 1990).

These results suggested that chronic growth hormone

deficiency, coupled with the decline in skeletal muscle

mass and protein synthesis contributed to frailty in

the elderly and suggested that hormone deficiency

may be a factor in age-related disability. These

possibilities continue to be under investigation in a

number of laboratories.

Although there have been anecdotal reports

suggesting that growth hormone replacement in the

elderly has effects on cognitive function, there have

been few detailed studies on this topic. However, there

is a large literature on the actions of IGF-1 since it is

produced by neurons and glia during development

and it appears to have an important role in synapto-

genesis (D’Ercole et al. 1996). Studies consistently find

that IGF-1 has an important trophic role in neuronal

function and limits neuronal loss after ischaemic

damage (Pulford et al. 1997). Although these studies

demonstrate an important role for IGF-1 in the

regulation of brain function, the factors regulating the

expression of brain IGF-1 and the potential

significance of changes in brain IGF-1 levels with age

have not been explored. In this short review, we detail

recent developments suggesting that age-related

decreases in growth hormone and IGF-1 may be a

contributory factor in aspects of brain ageing. For a

complete review of the regulation of growth hormone

and IGF-1 with age, the reader is referred to several

reviews on this topic (Sonntag, 1996; Giustina &

Veldhuis, 1998; Thornton & Sonntag, 1999). Finally,

a model is presented suggesting that during ageing a

balance exists between the requirement for tissue

maintenance and the prevention of pathogenesis.

    -1 

    

Expression and actions of IGF-1 in the brain

The role of growth hormone in the decline in

peripheral tissue is well-documented whereas, in-

formation regarding the direct action of growth

hormone on neuronal function is extremely limited.

Nevertheless, many investigators have provided con-

vincing evidence that hormones regulated by growth

hormone (e.g. IGF-1 and the closely related hormone,

IGF-2) have an important role in brain function

(Thornton & Sonntag, 1999). IGFs have been

reported to stabilise tubulin mRNA, stimulate DNA

and RNA synthesis, stimulate neurite formation,

enhance oligodendrocyte proliferation, increase sur-

vival of neurons and glia, increase neuromuscular

synaptogenesis and have an important role in

neuronal repair. More recent evidence suggests that

IGF-1 participates in the regulation of calcium and

increases the expression of the proto-oncogene c-fos

(Renganathan et al. 1997). Although there is a large

volume of in vitro data supporting a role for IGF-1 in

brain function, there are few in vivo studies of the

actions of IGF-1, in part, because of the lack of

appropriate models to manipulate IGF-1 levels.

While the prevailing information supports the

concept that IGF-1 has an important role in neuronal

development and function (Hepler & Lund, 1990) the

sources of IGF-1 that regulate neuronal function are

less clear as is the regulation of these hormones within

the CNS. The majority of evidence suggests that

growth hormone does not cross the blood-brain

barrier although it is known that hypophysectomy
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Fig. 2. Localisation of IGF-1 mRNA in rat cerebral cortical microvasculature demonstrated by in situ hybridisation. On the left are bright

field photomicrographs for 3 different arterioles in the sensorimotor cortex that express above background levels of IGF-1 mRNA.

Pseudocolour enhanced images of pixel density analysis of these same 3 vessels are shown on the right. (a) ¬300, (b) ¬150. (From Sonntag

et al. 1999a).

(which decreases both growth hormone and plasma

IGF-1) decreases concentrations of IGF-1 mRNA in

brain which are restored by growth hormone adminis-

tration (Hynes et al. 1987). In addition, recently

published studies suggest that administration of

growth hormone raises brain concentrations of IGF-

1 (Lopez-Fernandez et al. 1996) and peripheral

injections of IGF-1 have been shown to protect

neurons from cell death after ischaemic injury

(Pulford et al. 1997). Evidence supports the conclusion

that plasma IGF-1 is actively transported through the

blood-brain barrier (Reinhardt & Bondy, 1994) but

the specific mechanism for this process is poorly

understood. Since IGF-1 is also produced in en-

dothelial and smooth muscle cells (Delafontaine et al.

1991a, b), the possibility exists that both plasma IGF-

1 and vascular-derived IGF-1 (possibly under the

regulation of growth hormone and}or IGF-1) are the

primary sources of IGF-1 for the brain.

Neuronal expression of IGF-1 mRNA occurs

throughout development and continues into adult-

hood. During postnatal development, for example,

IGF-1 mRNA has been shown to be transiently

expressed in the large projection neurons of the

sensory and cerebellar systems, Purkinje cells of the

cerebellar cortex, and interneurons of the hippo-

campus and neocortex (Bondy, 1991; Niblock et al.

1998). In the young adult brain, IGF-1 gene ex-

pression has been reported in the olfactory bulb,

hippocampus, hypothalamus, cerebellum, striatum

and neocortex. Expression is concentrated in neurons

and detailed analysis indicated that IGF-1 gene

expression in CA1 region of the hippocampus,

superior olivary complex, Purkinje cell layer of the
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cerebellum, and layer 2 of the sensorimotor cortex

was unchanged with age. Furthermore, quantitative

dot blot analysis of the cerebral cortex indicated no

significant changes in IGF-1 gene expression across

the lifespan. IGF-1 gene expression also was heavily

concentrated in cerebral vasculature (Fig. 2) (Sonntag

et al. 1999a), although no changes were observed in

IGF-1 gene expression in individual vessels with age.

These results raised the possibility that alterations in

microvascular density may contribute to alterations in

IGF-1 levels in brain.

Despite the absence of alterations in IGF-1 gene

expression, protein expression in the cerebral cortex

declined substantially with age (Sonntag et al. 1999a).

Furthermore, the mRNA for the type 1 IGF receptor

remained unchanged with age while the density of

type 1 IGF receptors in cortical layers II}III and

V}VI of rats, analysed by ["#&I]-IGF-1 binding

declined by greater than 25%. A similar age-related

decrease was observed in the hippocampus. To date,

analysis of IGFBPs in the brain has not been

undertaken. However, it is clear that deficits in the

IGF-1 axis occur in the aged brain suggesting that

decreases in IGF-1 activity have the potential to

contribute to brain ageing.

Growth hormone, IGF-1 and the cerebral vasculature

The high expression of IGF-1 in vasculature have led

us and others to propose that both growth hormone

and IGF-1 have an important regulatory role in blood

vessel growth and repair (Folkow et al. 1988;

Delafontaine 1995; Gould et al. 1995; Lynch et al.

1997a). For example, blood vessels have receptors for

growth hormone and IGF-1 and several studies

indicate that immunoreactive IGF-1 within vessels

increases during periods of vessel growth and repair.

Furthermore, IGF-1 has been shown to potentiate the

actions of several vascular growth factors (Sato et al.

1993). Although it is well known that both plasma

growth hormone and IGF-1 decrease and contribute

to the decline in protein synthesis and vascular

compliance that occurs in aged animals (Florini et al.

1981; Foster et al. 1990; Rudman et al. 1990) the role

of these hormones in the age-related decrease in

vascular density had not been assessed. Since others

have reported that a decrease in cerebral blood flow

appears to be an important factor in brain ageing,

cerebrovascular density and the regulation of vascular

density by these anabolic hormones became an

important topic for further research.

Both growth hormone and IGF-1 have been

reported to stimulate endothelial cell proliferation,

Fig. 3. Effects of bovine GH (25 µg}kg, twice daily) or vehicle

administration for 35 d on changes in arteriolar density in 30-mo-

old F344}BN rats. Data are expressed as the percentage increase in

arteriolar density from baseline and represent the mean³... of

10 (GH-treated) and 7 (saline-treated) animals}group (Sonntag et

al. 1997).

tube formation and angiogenesis in a number of

tissues. Growth hormone, for example, has been

shown to stimulate angiogenesis in chorioallantoic

membranes of the chick embryo (Gould et al. 1995)

while IGF-1 has been reported to stimulate the

growth of endothelial cells in the retina (Grant et al.

1993) and the proliferation of omental microvessel

endothelial cells (Sato et al. 1993). Similarly, IGF-1

increases angiogenesis and migration of endothelial

cells in both rat aortic rings and bovine carotid artery

cells. Tube formation of carotid artery cells also has

been reported in response to IGF-1 (Nakao-Hayashi

et al. 1992; Nicosia et al. 1994). In addition to the

apparent ability of IGF-1 to stimulate vascular growth

independently, several investigators report that the

actions of other growth factors including tissue

plasminogen activator (tPA) and hepatocyte growth

factor are facilitated by IGF-1 (Sato et al. 1993).

These studies support the hypothesis that growth

hormone and IGF-1 regulate vascular growth in vitro

and our recent data (see below) support the conclusion

that the decline in the secretion of these hormones

contribute to age-associated vascular deficiency in the

CNS.

The effects of growth hormone on vascular changes

on the surface of the brain were assessed by

administration of growth hormone to old animals for

30 d (Sonntag et al. 1997). As expected, vehicle treated

young and old animals exhibited no changes in

vascular density during this period. However, a

substantial increase in vascular growth in older

animals treated with growth hormone was evident

(Fig. 3). Although the vascular growth observed in
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these animals represented only small arterioles and a

complete restoration of vascular density was not

apparent, the results provide compelling evidence that

growth hormone (and}or IGF-1) participate in the

regulation of vascular growth and contribute to the

age-related decline in vascular density. As previously

noted, total IGF-1 concentrations in brain decrease

by 30–40% with age and, because of the high

concentrations of IGF-1 in the microvessels, we have

proposed that the reduction in vessel density is one of

the factors that contributes to the decline in brain

IGF-1 levels. The production of these growth factors

by the vasculature may have important implications

for the regulation of brain function during ageing.

Because of the important interrelationships between

brain function and cerebral vasculature and the pres-

ence of IGF-1 as a potential mediator in both neuronal

and vascular function, detailed analysis of the mech-

anisms responsible for the age-related decline in

vascular function merit further investigation.

Behavioural effects of growth hormone and IGF-1

In order to investigate the potential role of growth

hormone and IGF-1 on brain function, we initially

chose to investigate memory since impairments in this

variable have been well-documented in aged animals

and man. For example, nonhuman primates exhibit

impairments in tasks that measure memory including

delayed response and delayed non-match-to-sample

tasks (Arnsten & Goldman-Rakic, 1985; Moss et al.

1988; Rapp & Amaral, 1989). Age-related deficits in

rodents are also observed in tasks sensitive to spatial

reference memory such as the Morris water maze and

the Barnes maze (Barnes, 1979) as well as tasks that

emphasise spatial working memory such as the radial

arm maze and alternation tasks (Barnes et al. 1980;

Zornetzer et al. 1982). Furthermore, many studies

indicate that elderly humans also exhibit memory

deficits (Light, 1991) in free recall, cued recall, and

recognition memory (Burke & Light, 1981; Poon,

1985;Guttentag&Madden, 1987;Hultsch et al. 1990).

Older adults also show deficits in other memory tasks

that represent activities of daily living (West et al.

1992) including recall of information from medicine

labels, recall of topographic information near their

homes, appearance of common objects, and names

and faces of acquaintances (Maylor, 1990). While

much research has been undertaken to understand the

mechanisms of learning and memory and the cognitive

decline with age, the aetiology of these impairments

remain unknown.

Many researchers have evaluated the role of the

neurotrophin family of growth factors, including

nerve growth factor (NGF), brain-derived neuro-

trophic factor (BDNF), and neurotrophin (NT) 3 and

4}5 in brain ageing. Intracerebroventricular (icv)

infusion of NGF has been reported to improve spatial

memory in aged rats (Fischer, 1994; Markowska et al.

1994; Chen et al. 1995). NT-3 and 4}5 infused icv has

also been shown to improve spatial memory in

rodents, but BDNF was without effect (Fischer et al.

1994). While it is apparent that this family of

neurotrophins is important in the maintenance and

survival of neurons and improves indices of

behavioural performance in older animals, the clear

demonstration of an age-related decline in these

trophic agents is controversial. For instance, some

researchers have determined that NGF mRNA levels

remain constant (Alberch et al. 1991), increase

(Hasenohrl et al. 1997), or decrease (Larkfors et al.

1987) with age. Moreover, BDNF mRNA increases

with age in the cortex and hippocampus while the

protein levels of BDNF, NT-3, and NGF remain

constant in the cortex and hippocampus when adult

and aged rats are compared (McDonald & Johnston,

1990). Together, these studies indicate that members

of the neurotrophin family are capable of ameliorating

age-related memory dysfunction but the lack of an

age-related decline in these factors suggest that either

other aspects of growth factor function (e.g., signal

transduction) are impaired or that these factors may

not have a significant role in normal physiological and

functional deficits observed in the ageing brain.

Because of its wide range of effects on neurons, it

was initially proposed that IGF-1 contributes to

synaptic plasticity and the neural mechanisms necess-

ary for learning and memory. Markowska et al. (1998)

subsequently demonstrated that replacement of IGF-

1 in the lateral ventricle of aged animals over a 28 d

period ameliorates the age-related decrements in both

spatial reference and working memory (Fig. 4).

Additional studies in our laboratory have confirmed

this finding in other rat strains and demonstrated that

IGF-1 improves learning and spatial reference mem-

ory in aged animals compared with age-matched,

control animals. Furthermore, antagonism of IGF-1

binding to its receptor using a specific peptide

analogue in young animals resulted in impairments in

learning and reference memory (Thornton et al. 1999).

These data were the first to demonstrate that brain

IGF-1 is important for learning and memory in young

animals and suggested that the age-related decline in

IGF-1 and type 1 IGF receptors (Sonntag et al.

1999b) and impairments in IGF-1 activity in the brain

Growth hormone, IGF-1 and ageing 579



Fig. 4. Spatial memory performance in the Morris water maze; a comparison of time spent in a 40 cm annulus around the platform (A, B)

and number of platform crossings (C, D) in the probe trial for 3 groups of animals. Diminished performance in both Annulus-40 time and

Platform Crossings is observed with age (A, C ) but performance did not change in the Young or Old Control animals over the 4 wk treatment

period (B, D). IGF-1 reversed the age-related decline both Annulus-40 time and Platform crossings compared with Old Control animals (A,

C ) and to baseline levels (B, D). Data are shown as means³... (*P! 0.001 compared to young animals ; **P! 0.01 compared to Old

animals).

of aged animals (D’Costa et al. 1995) contribute to

deficits in memory that are found with increasing age.

While many studies in humans suggest that growth

hormone treatment improves alertness, vitality, mood,

and induces a sense of well-being (Bengtsson et al.

1993), data suggesting that growth hormone adminis-

tration improves memory are controversial and, in

many cases, anecdotal. For instance, adults with

childhood onset growth hormone deficiency are more

likely to be unemployed (Bjo$ rk et al. 1989) and

achieve only a junior high school education (Takano

et al. 1994). Treatment of individuals with childhood

onset growth hormone deficiency has been reported to

improve measures of intelligence (Sartorio et al. 1995)

as well as psychosocial measures (Laron et al. 1986).

These data suggest that growth hormone may impact

brain function indirectly by increasing plasma IGF-1

or directly by regulating brain IGF-1 levels.

Instead of injecting growth hormone, we have used

an alternative approach to address the role of growth

hormone in CNS function. Rather than chronic

growth hormone injections throughout life which are

cost prohibitive, we administered a peptide analogue

of growth hormone releasing hormone (GHRH) to

increase endogenous growth hormone secretion be-

ginning at 10 mo and continuing until the animals

reached 28 mo of age (Thornton et al. 1999). As a

result, these animals never experienced the profound

decreases in growth hormone and IGF-1 observed in

vehicle-treated ageing animals. This regimen pre-

vented the age-related impairments in spatial reference

memory and aged animals treated with GHRH had a

similar performance in the probe trial of the Morris

water maze compared with young animals. Further

analysis revealed that long-term GHRH treatment did

not influence the decline in locomotion or vision

suggesting that the effects of GHRH were specific to

spatial memory. Since acute administration of GHRH

did not appear to have cognitive effects, it was

concluded that the effect of GHRH was mediated by

an increase in pulsatile release of growth hormone

and}or increasing IGF-1 levels in the brain.

Mechanisms of IGF-1 action

The specific mechanisms of IGF-1 action remain

unclear but several neuronal systems have classically

been linked to memory formation. Therefore, age-

related changes in these systems and the effects of

IGF-1 were assessed. For example, excitatory amino

acids such as glutamate are associated with learning

and memory as are the glutaminergic NMDA

receptors (Michaelis, 1998). These receptors have

distinct subtypes that have been reported to contribute

to specific functional responses. Analysis of NMDA

receptor subtypes indicated that NMDAR1 did not
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change with age; however, other NMDA receptor

subtypes including NMDAR2A, R2B and R2C

decrease with age in the hippocampus. Interestingly,

NMDAR2A and R2B levels were reversed by adminis-

tration of IGF-1 for 28 d (Bennett et al. 1997). These

studies are of particular interest since transgenic

animals that express high levels of NMDAR2B exhibit

enhanced memory skills compared with wild type

animals.

Similarly, dopamine D
#
receptors have also appear

to have a facilitatory role in processes of learning and

memory. We observed no changes in D
#

receptor

number or affinity in hippocampus of old as compared

with young animals but analysis of D
#

induced G

protein activity indicated a linear decline in activity

with age. In fact by 28 mo of age, activity of this

receptor subtype was reduced by greater than 70%.

IGF-1 administration increased GTPase activity with-

out affecting receptor number or affinity (Thornton et

al. 1998). Although it is possible and indeed likely that

IGF-1 has other actions, these results demonstrate

that IGF-1 has an important role within the CNS and

that this hormone regulates neuronal systems that are

implicated in the process of learning and memory.

Similarities of moderate calorie restriction and the

actions of growth hormone and IGF-1

Reduction of calorie intake to 60% of ad libitum fed

animals has consistently been shown to reduce age-

related pathologies and increase both mean and

maximal lifespan (Weindruch, 1996). Although the

specific mechanisms for the actions of calorie re-

striction are unknown, this regimen has been used to

investigate potential mechanisms of ageing. Analysis

of growth hormone and IGF-1 levels in these animals

indicate that calorie restriction reverses or prevents

the age-related decline in growth hormone pulse

amplitude but decreases plasma levels of IGF-1

(Sonntag et al. 1999b). The decrease in plasma IGF-

1 is accompanied by an increase in tissue levels of

IGF-1 and type 1 IGF-1 receptors. From these studies,

we raised the possibility that moderate calorie re-

striction enhanced the paracrine or local activity of

IGF-1 and that these effects could be mediated by

increased growth hormone secretion.

Using this model, we compared the effects of

moderate calorie restriction on microvascular density

and local cerebral blood flow with that of growth

hormone administration (Lynch et al. 1998). As

expected, we found that both short-term and chronic

calorie restriction increased cerebrovascular density

on the surface of the brain similar to that observed

after growth hormone administration for 28 d. In

addition, analysis of local cerebral blood flow in ad

libitum fed animals using ["%C]iodoantipyrine indi-

cated that basal blood flow decreased with age in

CA1, CA3 and the dentate gyrus of the hippocampus

with similar trends evident in cingulate, retrosplenial

and motor cortex. Basal blood flow was increased in

all brain regions of moderate calorie restricted old

animals (compared with old ad libitum fed animals)

and no differences were observed between ad libitum

fed young and calorie restricted older animals. In

response to a CO
#

challenge (to maximally dilate

vessels), blood flow increased in young and old ad

libitum fed animals but a similar increase was not

observed in calorie restricted old animals. We conc-

luded that a decrease in cerebral vasculature is an

important contributing factor in the reduction in

blood flow with age. Nevertheless, vessels from young

and old animals have the capacity to dilate in response

to a CO
#
challenge and, after CO

#
, no differences are

observed between the 2 age groups. These results are

consistent with the hypothesis that aged animals fail

to adequately regulate local cerebral blood flow in

response to physiological stimuli. Moderate calorie

restriction increases microvascular density and cere-

bral blood flow in aged animals but tissues exhibit

little or no increase in blood flow in response to CO
#

challenge. The cause of this deficient response may

indicate that vessels are maximally dilated in aged

calorically restricted animals or that they fail to

exhibit normal regulatory control. An analysis of the

effect of growth hormone on cerebral blood flow of

aged animals is currently underway. Unfortunately,

the current studies can only produce correlational

data that do not directly assess the mechanisms of

moderate calorie restriction. Nevertheless, the para-

llels between the actions of these hormones are

compelling and suggest that further research on the

interactions between these systems is justified.

IGF-1 as a risk factor for age-related disease

Although there is a substantial literature to suggest

that increased trophic hormones, in general, and

growth hormone and IGF-1, in particular, improve

tissue function, pathological effects of these hormones

are also evident. Recent studies have concluded that

anabolic hormones increase risk of pathology and

have provided a link between the incidence of a

number of cancers and the expression of IGF-1. Using

in vitro models, it has been recognised for some time

that IGF-1 is a potent mitogenic factor that increases

the transition from G
"
to S phase in the cell cycle. In
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cell culture, serum supplementation is generally

necessary for cell survival. Serum contains high

quantities of IGF-1 and antibodies against IGF-1 are

able to inhibit the ability of 5% serum to stimulate

DNA synthesis in Balb}c-3T3 cells (Russell et al.

1984). In addition, Balb}c-3T3 cells transfected with

IGF-1 and the type 1 IGF receptor grow in serum free

media (Peterson & Cotman, 1989) and antagonists to

the IGF receptor inhibit cellular growth (Pietrzkowski

et al. 1992). It also appears that other growth factors

including platelet derived growth factor (PDGF) and

epidermal growth factor (EGF) increase cellular IGF-

1 synthesis and it has been proposed that their effects

may be mediated in whole, or in part, through the

IGF-1 system.

Similar stimulatory effects of IGF-1 on cellular

growth have been reported in vivo. Numerous human

cancers and transformed cell lines produce IGF-1 or

its receptor (Werner & LeRoith, 1996) and over-

expression of the type 1 IGF receptor in 3T3

fibroblasts leads to the formation of tumours in nude

mice (Kaleko et al. 1990). As expected, passive

immunisation with antibodies against the type 1 IGF

receptor inhibits the proliferation of numerous cell

types and cancers (Arteaga & Osborne, 1989; El-

Badry et al. 1989; McCubrey et al. 1991; Peyrat &

Bonneterre, 1992). Additionally, transgenic rodents

expressing high levels of human growth hormone and

subsequently plasma IGF-1 exhibited an increase in

mammary tumours, however, degenerative changes

that appear to resemble ageing were also apparent

(Steger et al. 1993). In humans, elevated IGF-1 levels

have been demonstrated to be a risk factor in breast

cancer (Torrisi et al. 1993; Lee et al. 1994), lung

cancer (Ankrapp & Bevan, 1993) and prostate cancer

(Wang & Wong, 1998). These studies demonstrate an

important link between plasma IGF-1 and the

appearance of tissue pathologies and raise the possi-

bility that a reduction in IGF-1 or IGF-1 activity may

provide a selective advantage by delaying or pre-

venting age-related pathologies.

It is interesting to note that the substantial decrease

in IGF-1 observed in calorie restricted animals early

in the lifespan is associated with a decline in the

number of pathologies compared with ad libitum fed

animals. Comparison of pathological changes in

various cohorts appears to indicate that the beneficial

effects of calorie restriction are detectable early in the

lifespan (Bronson & Lipman, 1991). Additionally, one

of the strongest predictors of lifespan is body weight

at 10 mo of age which is known to be highly dependent

on circulating levels of IGF-1. Although more

research will be required to establish the link between

the decline in IGF-1 and decreased pathological risk

in moderate calorie restricted animals, the implication

of these results is that early exposure to high

concentrations of IGF-1 or a cumulative exposure to

IGF-1 during the early phase of life initiates patho-

logical changes in tissues that are manifest at later

ages.

The potential of IGF-1 as a risk factor for a number

of age-related pathologies raises the question as to

whether IGF-1 has a role in determining lifespan of

the organism. However, studies designed to assess this

relationship are difficult to interpret in part because of

the close relationship between growth hormone and

IGF-1 and inherent difficulties with the current

models. For example, studies in mice suggest that

immune function and lifespan could be improved by

administration of low doses of growth hormone that

result in mildly elevated IGF-1 levels (Khansari &

Gustad, 1991). However, subsequent studies by Kalu

et al. (1998) using several strains of mice and rats

suggested that administration of physiological doses

of human growth hormone to animals beginning at

17 mo of age (resulting in a modest increase in plasma

IGF-1) did not result in a general increase in lifespan.

At the same time, they did not observe an increase in

the number of pathologies or a shortening of

lifespan. Both of the aforementioned studies used

human growth hormone in rodent models that is

known to exhibit both somatogenic and prolactogenic

properties (Feldman, 1976; Bartke et al. 1994). In our

own laboratory, we have observed that chronic

injections of [D-Ala#]GHRH to increase endogenous

levels of growth hormone have little effect on lifespan

or age-related pathologies (Thornton et al. 1999a). In

another study that used transgenic animals producing

aphysiological hormone levels, it has been suggested

that high concentrations of growth hormone and

IGF-1 shorten lifespan in a dose dependent manner

(Steger et al. 1993). In addition, low levels of growth

hormone and IGF-1 (as seen in dwarf mice) are

associated with increased lifespan. These latter results

are somewhat limited in that the dwarf mice used in

the study were deficient in several hormones including

growth hormone, prolactin and TSH (Petralia et al.

1994; Brown-Borg et al. 1996). Nevertheless, these

results are consistent with previous studies indicating

that high levels of IGF-1 are a contributory factor in

age-related pathologies and raise the important issue

related to the correlation between body size and

lifespan (possibly independent of the contribution of

growth hormone and IGF-1). Obviously, further

research is necessary to resolve the specific role of

these hormones in the onset of age-related pathologies
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and lifespan. Future studies will require the de-

velopment of transgenic models that isolate the

actions of each hormone and use concentrations that

are physiologically relevant for ageing studies.



In the previous sections, we have concentrated on

documenting the importance of growth hormone and

IGF-1 for normal brain function and emphasised that

deficiencies in the growth hormone}IGF-1 axis lead to

some aspects of brain ageing. Additionally, detailed

studies on the effects of growth hormone and IGF-1

deficiency on skeletal muscle mass during ageing are

in the literature. Although a multitude of studies

support a beneficial role of growth hormone and IGF-

1, recent data also suggest that IGF-1 is an important

risk factor for breast, lung and prostate cancer and

that transgenic animals with excess growth hormone

demonstrate an increase in tumours. These results

raise important issues not only related to hormone

replacement therapy but, in a broader context, suggest

that some aspects of ageing may be related to the need

to balance tissue maintenance and repair against the

pathogenesis that potentially results when hormones

that mediate this process circulate in high levels. For

example the age-related decreases in anabolic

hormones such as growth hormone and IGF-1 may

not result from disruption within the neuroendocrine

axis that controls their secretion. Instead, the decline

may be a carefully regulated strategy to optimise

tissue maintenance and repair while potentially pro-

tecting the body from the pathological consequences

of these hormones.

The alterations in growth hormone and IGF-1 in

moderate calorie restricted animals appear to be

consistent with this model in that plasma IGF-1 is

reduced early in life and yet paracrine or local activity

of IGF-1 appears to be maintained, perhaps regulated

by growth hormone secretion. These changes may

limit pathological risk while maximising tissue main-

tenance and repair (through the paracrine actions of

IGF-1). Although the complexities of paracrine IGF-

1 regulation through binding proteins and tissue

protease activity remain to be determined, continuing

research in this area in both ad libitum and calorically

restricted animals could eventually provide important

information on the regulation of biological ageing.
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