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Insulin-like growth factor (IGF)-1 is an important neurotrophic hormone. Deficiency of this hormone has been reported to influ-
ence the genesis of cognitive impairment and dementia in the elderly patients. Nevertheless, there are studies indicating that
cognitive function can be maintained into old age even in the absence of circulating IGF-1 and studies that link IGF-1 to an
acceleration of neurological diseases. Although IGF-1 has a complex role in brain function, synaptic effects appear to be central
to the IGF-1-induced improvement in learning and memory. In this review, synaptic mechanisms of learning and memory and
the effects of IGF-1 on synaptic communication are discussed. The emerging data indicate that synaptic function decreases with
age and that IGF-1 contributes to information processing in the brain. Further studies that detail the specific actions of this
important neurotrophic hormone will likely lead to therapies that result in improved cognitive function for the elderly patients.
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UMANS as a species have achieved astonishing suc-

cess in prolonging life span. Recent estimates suggest
that the number of people older than 90 years in the United
States will double to around 2 million in this decade (1).
However, the emerging problem of the 21st century is the
increasing number of individuals with mild cognitive impair-
ment or dementia within the aging population. It is estimated
that one of every two individuals older than 85 years of age
will suffer from some type of dementia. By 2050, the number
of elderly patients with dementia may increase from 5.2 to 16
million in the United States (data from U.S. Census Bureau
and 2011 Facts and Figures of Alzheimer’s Association).
Worldwide predicted numbers are similarly staggering.

The purpose of this review is to assess the complex role
of growth hormone and insulin-like growth factor (IGF)-1
in the genesis of cognitive impairment and dementia. The
overarching conclusion from numerous studies is that IGF-1
deficiency is an important contributing factor in cognitive
impairment both in adults and aged humans as well as rodent
models of aging. Nevertheless, there are important studies
in rodent models (eg, Ames, Snell, and ghr~'~ mice) indicating
that cognitive function (and neurogenesis) can be maintained
into old age in the absence of circulating IGF-1. Based on

the limited number of studies available in these models, it is
not possible to easily reconcile differences between studies
indicating that growth hormone and IGF-1 deficiency pre-
vent central nervous system (CNS) dysfunction with age
and those suggesting that growth hormone and IGF-1 defi-
ciency are part of the etiology of the decline in learning and
memory with age. In this review, we present data on the
known actions of IGF-1 on brain structure and function and
propose several areas where further research studies are
warranted to resolve differences in the field. In several
earlier reviews, we have presented data related to the effects
of IGF-1 on age-related deficits in cerebrovascular density
and function, neurogenesis and neuronal survival, as well as
neuronal number and oxidative stress in brain regions impor-
tant for learning and memory. For more information on these
topics, please refer to other reviews in this series (2-5), an
earlier review from our laboratory (6), as well as excellent
reviews by Torres-Aleman and colleagues (7-9). In this chap-
ter, we focus primarily on the role of IGF-1 and age-related
IGF-1 deficiency on synaptic function because these changes
appear to be essential for our understanding of the age-related
decline in learning and memory induced by IGF-1 deficiency
and have the greatest potential for therapeutic intervention.
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SYNAPTIC DYSFUNCTION AND AGING

Overview

Aging has long been associated with impairments in the
nervous system. Vision and hearing are impaired, there is a
dampened sense of smell, changes in appetite, lapses of short-
term memory, forgetfulness, and difficulty in finding adequate
expressions and words. Symptoms may also extend to concret-
ization of idioms and delays in critical thinking and/or execu-
tive functions (10-13). Although the morphological basis for
these effects is not well understood, studies on brains from a
variety of mammalian species including humans conclude that
a reduced number of synaptic connections among neurons is
the most consistent correlate with aging (14-19) and specifi-
cally cognitive decline (20-22). Most importantly, it is clear
that even though many morphological and biochemical
changes are associated with age, disorders that affect cognitive
function of the elderly patients (including Alzheimer’s disease
[AD]) are markedly different than the normal course of aging
(1,23) and do not represent an “accelerated aging” phenotype.
For example, normal aging does not appear to be accompanied
by significant neuron death or the profound loss of synapses
typically observed in end stage AD (24,25). Nonetheless, it is
important to emphasize that in both humans and animal mod-
els, deficits of spatial learning and memory are manifest in a
significant portion of the aged population. The emerging
view is that standard age-related alterations in neuronal
cytostructure and neurochemical composition are, by them-
selves, not sufficient to cause mild cognitive impairment
or dementia. This finding was emphasized in recent stud-
ies from the Freeman laboratory when they reported that
a set of neurotransmission-regulating proteins decrease in
expression with age but are not specifically associated with
cognitive impairment (18,22). Importantly, age-related cogni-
tive impairment is associated with a specific set of synaptic
proteins with roles in functional and structural plasticity (26).
Thus, there appear to be independent cellular and molecular
events that lead to cognitive impairment that are distinct from
the changes that are part of healthy aging.

Inhibitory/Excitatory Synaptic Balance in Aging

An evolving area of research in brain aging is focused on
the balance between excitatory and inhibitory synaptic sys-
tems (27,28). Although there is overwhelming evidence re-
lated to the reduction of synaptic markers with age (18,27),
it is not clear whether both inhibitory and excitatory syn-
apses contribute equally to these impairments (14). The
importance of this debate is highlighted by the view that in
many neuropsychiatric conditions (eg, autism, schizophre-
nia, epilepsy), an imbalance of excitation and inhibition is
the major underlying pathological mechanism (29,30). If
inhibition is better preserved than excitation during aging,
long-term synaptic plasticity could be hindered (8). Indeed,
in models of learning and memory, deficits in long-term

potentiation (LTP), an electrophysiological correlate of mem-
ory trace formation, are corrected after pharmacologically
reducing synaptic inhibition. Importantly, in liver-specific
IGF-1-deficient mice, perforant path LTP deficits appear to
be the result of a selective loss of excitatory inputs and the
relative abundance of inhibitory neurons (31). The relatively
stronger excitatory drive could be a factor in the rising inci-
dence of epilepsy after the age of 65 years (32). One possible
explanation for these seemingly contradictory scenarios is
that individual brain regions may react differently with
age. Therefore, at the local level, the excitatory to inhibitory
balance could be different than in a neighboring region.

A PRIMER ON THE CELLULAR AND MOLECULAR BASIS
OF MEMORY

Neurotransmission at Chemical Synapses

According to the current theory of learning and memory,
new information is stored by modifications of the strength
of synaptic connections between neurons of cortical net-
works. There are three major components of the chemical
synapse: the presynaptic site, the synaptic cleft, and the post-
synaptic site. Classically, the presynaptic site is activated by
a depolarizing action potential, which opens voltage-gated
calcium channels. The result is calcium ion influx into the
terminal or synaptic bouton. Elevated calcium ion concen-
tration triggers the exocytosis machinery. This machinery
consists of calcium sensor(s) (synaptotagmins), SNARE
proteins (synaptobrevin/VAMP, syntaxinl, and SNAP-25),
and other regulatory binding partners (rab3, rabphilin,
muncl3, and muncl8) that are essential for the proper
spatial and temporal execution of synaptic vesicle fusion at
the active zone (33—41). Lipid membranes of the vesicle
and the plasma membrane are forced into close proximity,
and in turn, this creates the fusion pore through which the
neurotransmitter molecules are released into the cleft. The
synaptic cleft, an extremely narrow almost “virtual” gap,
has a highly organized structure made of various extracellu-
lar parts of membrane receptors as well as matrix proteins.
Diffusion of small neurotransmitters (eg, glutamate and
gamma-aminobutyric acid [GABA]) through this gap requires
only microseconds. At the postsynaptic site, neurotransmitters
are captured selectively by their receptors. Two major classes
of these receptors exist as ionotropic (functioning as ion
channels) and metabotropic (communicating with intra-
cellular G protein signals). For glutamate, the ionotropic
receptors are divided into three groups: AMPA (2-amino-3-
(5-methyl-3-oxo0-1,2- oxazol-4-yl)propanoic acid), NMDA
(N-methyl D-aspartic acid), and kainate receptors. AMPA
receptors are composed of four types of subunits, designated
as GluR1, 2, 3, and 4. Various combinations of those subunits
assemble into tetramers that form the functional glutamate re-
ceptor and conduct cations if activated and open. Importantly,
if the GIuR?2 subunit is present, it renders the channel imperme-
able to calcium ions. NMDA receptors are also composed of
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four subunits forming a tetramer. The constant subunit of the
NMDA receptor is NR1, which is accompanied by NR2
subunits (NR2A, NR2B, NR2C, or NR2D). For the inhibitory
GABA transmitter, the ionotropic receptor is referred to as
GABA-A-type, whereas the metabotropic is GABA-B-type.

LTP as the Cellular Process in Memory Trace Formation
A permanent increase in synaptic strength after a stimu-
lus or learning task is termed LTP (42). LTP was discovered
in hippocampal excitatory synaptic connections between
perforant path synapses and dentate gyrus granule cells (43)
but is a ubiquitous phenomenon in a wide variety of brain
regions and at many different synaptic connections includ-
ing inhibitory synapses (42,44). The opposite effect leading
to a permanent decrease in synaptic strength is termed long-
term depression (LTD). Established new memory traces of
spatial location could partially saturate synaptic LTP when

NMDA receptor dependent LTP

later tested in a region of hippocampus representing the map of
the field to navigate (45). Moreover, spatial memory can be
extinguished by blocking the maintenance of hippocampal
LTP (46) or by inhibition of the atypical protein kinase (PK) C
isoform PKMzeta in the CA1 field. These results provide
direct and convincing support for the role of LTP of synaptic
responses as the neuronal mechanism of memory.

The Classical Trisynaptic Hippocampal Pathway

A highly specialized and phylogenetically ancient part of
the temporal lobe is Ammon’s horn, which contains three
major structures that are interconnected: the entorhinal cor-
tex with the subiculum, the dentate gyrus, and the hippo-
campus proper. The latter is subdivided into three fields,
for example, CA1, CA2, and CA3. Neuronal connections
from the entorhinal cortex reach both the CA1 region and
dentate gyrus via the perforant pathway (Figure 1A). The

Aged synapse

Illll I,'I‘[ J]I]I J.'FL

AT

Tetanus

e Glutamate

C Synaptic
vesicle
&9 Calmodulin

e PSD-95
A Active zone

Scaffold complex

Actin

fEPSP

Figure 1. Basic mechanism of NMDA receptor—dependent postsynaptic long-term potentiation (LTP). The left panel depicts the molecular events in the synapse
during a high-frequency stimulation train of action potentials (tetanus) that induces LTP of excitatory postsynaptic potentials (EPSPs), as typically seen in the Schaf-
fer collateral synapses onto pyramidal neurons CA1 field of hippocampus. Note the influx of calcium ions through NMDA receptors and the subsequent change of
phosphorylation state of AMPA receptors. Postsynaptic potentials are further increased by insertion of new AMPA receptors into the postsynaptic density. Recent
results suggest that there is a special “tagging system” of the activated synapses that act as a flag for cargo vesicles delivering new proteins, including AMPA receptors.
Taken together, these changes induce a significant increase in synaptic responses for incoming action potentials (shown here as field EPSPs before in blue and after
in red) even hours after tetanic stimulation. Insert illustrates the classical view of the trisynaptic pathway in the hippocampus based on Cajal’s drawing of the hip-
pocampal circuitry (47). Signals from specific layers of the entorhinal cortex travel to the dentate gyrus through the perforant paths (pp in green) and then to CA3
through the mossy fibers (mf in red) and to CA1 via the Schaffer collaterals (in blue) before returning to other layers of the entorhinal cortex. Right panel depicts the
events in a synapse impaired by aging. Neurotransmitter release resulting from tetanus is hindered by decreased presynaptic vesicle number and slower mobilization.
Lower number of NMDA and AMPA receptors and their modified subunit composition further decrease the probability of LTP induction. Note also that under such
conditions, internalization of AMPA receptors is accelerated, which could be one of the mechanisms leading to long-term depression of synaptic communication with
age. The drawings of Santiago Ramén y Cajal are reproduced with permission of Legado Cajal, Instituto Cajal (CSIC), Madrid, Spain.
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principal cells of the dentate gyrus are excitatory granule
cells that stimulate the pyramidal neurons of the CA3 field
through mossy fibers (mf). CA3 pyramidal neurons are con-
nected to each other, to the CA3 field of the opposite site
and through the Schaffer collaterals of their axons to the
pyramidal cells in the CA1 field. This synaptic connection
between the CA3 and CAl fields of the hippocampus is
probably the most studied for synaptic plasticity (48,49).

LTP in the Hippocampal CAl Field—Role of Postsynaptic
AMPA and NMDA Glutamate Receptors

Possible modifications of the postsynaptic site that con-
tribute to LTP of synaptic transmission can be summarized
overall as increased total current through neurotransmitter
receptors (Figure 1). Multiple factors could result in such an
elevated excitatory postsynaptic potential (EPSP), more re-
ceptors, better affinity to the transmitter, increased opening
probability and/or mean open (dwell) time, decreased inac-
tivation, and higher unitary conductance. In synapses be-
tween Schaffer collaterals and CA1l pyramidal cells, both
exchange of glutamate receptor components, modifications
of receptors through phosphorylation, and addition of more
receptors to the area of the postsynaptic density contribute
to LTP (50). These changes are triggered by calcium influx
through the postsynaptic NMDA receptors during tetanic
stimulation (51). Similarly, effective is a single incoming
stimulus if it reaches the postsynaptic cell within a critical
time window of 10-20 ms when the dendrites are strongly
depolarized, and thus, the MgZ* blockade of NMDA receptors
is removed (52,53). Therefore, NMDA receptors function as
coincidence detectors sensing both the state of the postsynaptic
neuron and the specific synaptic input through local glutamate
concentration. This mechanism is referred to as the Hebbian
model of synaptic plasticity since it was first proposed by
Donad O. Hebb in 1949 (54,55). Although the most important
kinase for LTP induction through NMDA receptors is the
calcium-calmodulin—dependent protein kinase, CaMKII,
other signaling pathways exert modulatory effects, for ex-
ample, GluR 1 phosphorylation by PKA, requires the protein,
AKAP150, to anchor PKA at the postsynaptic density (56).

Presynaptic LTP—NMDA Receptor—Independent LTP of
Mossy Fibers in the Hippocampal CA3 Field

mf-LTP depends on a rise in presynaptic calcium (48)
induced by strong repetitive field stimulation (also known as
tetanus). Once calcium has entered the presynaptic terminal,
it binds to a calcium—calmodulin complex, which in turn
activates adenylyl cyclase I, the type 8 form of which is
highly enriched in mf synapses (57). Thus, adenylyl cylcase
I transiently elevates 3’-5’-cyclic adenosine monophosphate
(cAMP) levels (58,59), which then causes an activation of
protein kinase A (57).

There are multiple specific targets of PKA during LTP
induction. RIM 1alpha was proposed as the most likely synaptic

candidate because its phosphorylation at Ser 143 allows the
binding of the synaptic isoform of 14-3-3 (Figure 2). Both
RIM1 and 14-3-3 are large scaffold proteins with multiple
protein-interacting domains, but recently, it was shown that
they selectively bind to each other only at phosphoserine143
of RIM1alpha. Surprisingly, RIM1alpha KI mice with mu-
tation of S143A (which is unable to be phosphorylated) had
no defect in mf-LTP (60). The controversy on RIM1 could
be resolved by the observation that recruitment of 14-3-3 to
the active zone was observed with tetanus causing LTP in
this KI model. Together, these findings raise the possibility
that a decline of 14-3-3 expression levels in aged rats may
contribute to cognitive decline—a finding supported by
recent studies from the Freeman laboratory (22).

Importantly, another binding partner of RIMI is rab3, a
small GTPase protein associated with synaptic vesicles and
a good candidate for regulation of presynaptic plasticity.
Indeed, mice lacking rab3a have been shown to have a severe
deficit of LTP in CA3 (61). Moreover, expression of rab3a
declines with age, and the rate of rab3 decline is accelerated
in brain samples from human AD patients (62), similar to
syntaxinla and synaptogyrin3 expression. The molecular
mechanism of LTP is further refined after inclusion of other
targets of PKA phosphorylation. Most notably, rabphilin is
both a binding partner of rab3 and phosphorylated by PKA
on Ser 234 (63-65). Rabphilin regulates recovery of synap-
tic transmission from short-term depression by interacting
with SNAP-25 (66). Another noteworthy target of PKA
phosphorylation is the hyperpolarization-activated cation
channel Th, which has a significant role in maintaining mf
potentiation after tetanic or chemical (forskolin) stimulation
(67) through the depolarization of granule cells.

Finally, synapsins are also presynaptic regulators of
transmitter release. In mammalian neurons, three types
of synapsins are expressed: synapsin I, II, and III plus their
alternative spliced variants (68—70). Synapsins are phos-
phorylated by PKA (Figure 2) that is thought to disrupt
their role as a bridge between the actin cytoskeleton and
vesicles (71) and thus increase the mobility of synaptic
vesicles. Studies on mice lacking one or more synapsin
isoform(s) revealed specific effects not only on vesicle
mobilization and recycling (72) but also on synaptic plastic-
ity (73). For example, triple null mutant mice for all known
synapsins had a remarkably different synaptic release phe-
notype in excitatory and inhibitory hippocampal neurons
(74). Evoked responses from inhibitory neurons were
decreased, whereas those from excitatory neurons were
maintained (at least at the beginning of a 10 Hz stimulus
train). After approximately 50 pulses, a significant accel-
eration of excitatory post-synaptic current depression was
observed. Overall, the amount of released transmitter was
less than half of wildtype control for both types of synapses.
This is an interesting example of the difference in molecu-
lar regulation of excitatory and inhibitory transmission and
highlights the need for detailed functional experiments on
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Figure 2. Presynaptic form of long-term potentiation (LTP). The best-studied example of the presynaptic NMDA receptor—independent LTP is the mossy fiber
synapse on CA3 hippocampal pyramidal neurons. In this case, NMDA receptor activation is not required for LTP induction. The most important changes in this form
of synaptic plasticity happen in the presynaptic bouton leading to increased neurotransmitter release after tetanic stimulation. The molecular mechanism involves
activation of multiple kinases including protein kinase (PK) A and PKC. Phosphorylation of synapsin releases synaptic vesicles from the actin cytoskeleton. Mobi-
lized vesicles bind to the active zone and undergo priming to become ready for release. This process can be facilitated by RIM1, munc13, and munc18 protein phos-
phorylation. Activated RIM protein attracts the scaffold protein of 14-3-3 and thus could create new landing regions for vesicles. Synaptic vesicle delivery is
accelerated by the activated GTP bound form of rab3 small G protein, probably by shedding its binding partner, rabphilin. Primed vesicles undergo fusion when el-
evated intracellular calcium levels trigger SNARE complex (synaptobrevin2/VAMP2, syntaxinl, and SNAP-25) activation via binding to the calcium sensor synap-
totagmin on the primed vesicle. Increased neurotransmitter release is detected as larger excitatory postsynaptic potential amplitude. For clarity, the endocytosis part

of synaptic vesicle cycle was omitted.

the synaptic changes that occur with age. Age-dependent
decreases in levels of synapsin I are accompanied by in-
creased expression of synapsin Il in rats (18). Nevertheless,
the role of synapsins in hippocampal long-term synaptic
plasticity remains unclear because synapsin I and II double
knockout mice have normal LTP in both the Schaffer collat-
eral and mf synapses (75). It is also noteworthy that at least
one alternative pathway circumvents the PKA regulation
of presynaptic release; cAMP-GEFII, a cAMP sensing
nucleotide exchange factor, is reported to directly bind to
RIM2 (76) as well as activate the ras pathway through
RaplA in the presence of elevated cAMP (77). More-
over, the possible contribution of the postsynaptic site to
mf-LTP has been proposed by multiple groups, but it is
still debated in part because there is no well-identified ret-
rograde messenger, although a direct transsynaptic protein
bridge through ephrinB and its receptor was described
(78).

Protein Kinases Regulate the Kinetics of Neurotransmitter
Release

The calcium-calmodulin—dependent protein kinase,
CaMKII, is essential for postsynaptic changes during hip-
pocampal CA1 LTP. Also, CaMKII phosphorylates many
presynaptic proteins, including members of the SNARE
complex. Vesicular SNARE, synaptobrevin (also known as
vesicle-associated membrane protein), VAMP-1 and -2 are
phosphorylated at Ser61 by CaMKII (79). Synaptobrevin2
is a key protein in action potential-evoked exocytosis of
synaptic vesicles (35,38), and it couples neurotransmitter
release to rapid endocytosis of vesicles after fusion (37).
Although age-dependent decreases in levels of SNARE pro-
teins (synaptobrevin2 and SNAP-25) are not associated with
cognitive dysfunction, lower expression of CaMKIIalpha is
only detected in animals that have impaired performance in
the water maze (22), suggesting that CaMKIIalpha has an
important role in cognitive decline in rodents.
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Calcium signal-dependent activation of PKC is coupled
to phosphorylation of SNAP-25 (80) and munc18-1 (33),
and both SNAP-25 and munc18-1 are essential for effective
evoked synaptic release (34,36,39,41). In the case of SNAP-
25, phosphorylation by PKC on Ser184 recruits catechol-
amine vesicles of adrenal gland chromaffin cells, whereas
SNAP-25 phosphorylation by PKA is necessary to keep the
vesicles in a primed release ready state (81). In hippocampal
neurons, however, Serl184 phosphorylation of SNAP-25 is
not essential for PKC to stimulate neurotransmission (82).

To become a stable and durable memory trace, long-lasting
late-phase LTP requires activation of the transcription factor
cAMP response element-binding protein (83) and is depen-
dent on new protein synthesis, similar to long-term memory.
Pharmacological inhibition of protein synthesis completely
blocks late-phase LTP in both the CA1 (84,85) and CA3
fields (86-88). The specific protein synthesis products
responsible for the induction and maintenance of LTP remain
to be identified.

Summary

There is ample evidence that long-term synaptic plasticity
(LTP and LTD) is the key biochemical correlate of learning
and memory. Based on these studies and recent advances in
the field, there is a sufficient justification to pursue the under-
lying synaptic mechanisms of cognitive aging. Many of these
potential mechanisms are detailed earlier; however, other
factors likely contribute to age-related changes in synaptic
function but are beyond the focus of this review. It must be
mentioned, however, that synaptic protein expression can be
modified by posttranscriptional modifications (eg, RNA edit-
ing of GluR2 subunit of AMPA-R), posttranslational pro-
cesses including palmitoylation, prenylation, glycosylation,
and enzymatic cleavage of protein precursors (most relevantly
for the IGF-1 receptor), and assembly of protein complexes
into functional macromolecules (eg, receptors and channels).
Specific localization of these processes requires regulated
transport to and from the synapse. Finally, damaged compo-
nents must be removed, cleared, or repaired (emphasizing an
important role of chaperons). It is likely that minor defects in
multiple processes mentioned earlier cumulate during aging
and thus add to the complexity of synaptic dysfunction and
cognitive decline in the individual patient. Using our current
understanding of the molecular basis of learning and memory,
it is now possible to dissect the specific cellular changes that
occur with age and establish the mechanisms through which
interventions that improve learning and memory are manifest.

IGF-1 DEFICIENCY, COGNITIVE FUNCTION, AND AGING

Growth Hormone, IGF-1, and Cognitive Function in
Humans

In humans, childhood-onset or adult-onset growth hormone
deficiency has been associated with attention and memory

deficits along with mood disorders (89-92). In addition,
impaired iconic, short-term, and long-term memory were
reported in men with childhood-onset growth hormone
deficiency compared with normal participants (93). In this
study, replacement of growth hormone (at doses sufficient
to raise serum IGF-1 levels above normal participants)
resulted in improvements in short- and long-term memory
within 6 months. Furthermore, restoration of IGF-1 to the
levels of normal adults resulted in improvements after 1
year, and these effects persisted for 2 years after treatment
(94). Individuals with childhood-onset growth hormone
deficiency also exhibit delayed verbal memory recall and
deficits in the Trail Making Test A (a test of planning, pro-
cessing speed, and attention), and these deficits were asso-
ciated with reductions in brain N-acetyl-aspartate/choline
ratio, a marker of neuronal integrity (95). The optimal growth
hormone supplementation strategy to improve deficits in
cognition in growth hormone—deficient patients is still highly
debated, but there is some evidence that discontinuation of
supplementation during the transitional adolescent period
may affect somatic development (96). Growth hormone sub-
stitution therapy has also been reported to improve long-
term and working memory in 27-year-old childhood-onset
growth hormone—deficient patients treated for 6 months (97).
Multiple studies have established that IGF-1 and its sig-
naling pathway have an important role in cognitive decline
in aged participants. Aleman and colleagues (98) reported
an association between perceptual motor performance, in-
formation processing speed, and IGF-1 levels in partici-
pants 65-76 years of age. A similar association was noted
between IGF-1 levels and measures of fluid intelligence (99).
In addition, high IGF-1/IGF binding proteins-3 ratios were
associated with better maintenance of cognition determined
by scores on the 30-point Mini-Mental State Examination
(100), and a similar correlation was noted among centenari-
ans (101). In addition, in a 3-year longitudinal study, Dik
and colleagues (102) noted an association between low lev-
els of IGF-1 and reduced processing speed. Other studies
find that IGF-1 messenger RNA levels are lower in the fron-
tal cortex of middle age humans compared with young
(103). Importantly, one of the conclusions of this paper was
that it was not age per se that correlated highly with cogni-
tive deficits but the diminished level of IGF-1 and decreased
signaling through the insulin response substrate-PI3K and
Akt pathways. These conclusions are supported by recent
data indicating an important association between cognitive
function and IGF-1 levels in healthy fit older adults (104).
Although there have been limited studies of growth hor-
mone or IGF-1 replacement to older individuals, the studies
conducted to date suggest a complex relationship between
IGF-1 levels and cognitive function. For example, Papadakis
and colleagues (105) demonstrated that treatment of older
men with growth hormone improved performance on the Trails
B test. However, Friedlander and colleagues (106) using
memory of name face or word list recall found no effect of
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IGF-1 treatment for 1 year in women. Certainly, additional
studies on the role of growth hormone and/or IGF-1 replace-
ment on cognitive function are required.

Growth Hormone, IGF-1, and Cognitive Function in Rodents

Assessment of learning and memory in rodent models
also suggests that there are complex interactions that occur
in response to growth hormone/IGF-1 deficiency and/or
replacement. As noted earlier in this review, both growth
hormone and IGF-1 decrease with age (6), and studies
indicate a close temporal association between the decrease
in these circulating hormones and spatial and working
memory performance. Furthermore, intracerebroventricular
IGF-1 replacement to older F344 x Brown Norway rats,
which increases concentrations of IGF-1 in the hippocampus
to levels found in young animals, reverses these deficits (107).
This increase in learning and memory also occurs in response
to administration of growth hormone (6), and injection of
growth hormone-releasing hormone from 9 to 30 months
of age (sufficient to maintain elevated IGF-1 levels in older
animals) prevents the age-related decline in cognitive per-
formance (108). These studies clearly support the hypothe-
sis that reductions in growth hormone and IGF-1 contribute
to cognitive dysfunction with age.

The studies of growth hormone and IGF-1 replacement to
aged animals are supported by experiments indicating that a
deficiency of IGF-1 in adult animals results in deficits in
learning and memory. For example, the liver IGF-1—deficient
mouse demonstrates impairments in spatial learning that
can be reversed by administration of IGF-1 (109). Interest-
ingly, rats with a primary deficiency in growth hormone
secretion that results in a 50% reduction in circulating IGF-1
appear to have normal spatial learning at 8§ months of age
but exhibit a reduction in learning and memory by 18 months
of age. This “accelerated” decline in capacity for learning
and memory was prevented by administration of growth
hormone for 10 weeks during adolescence (110). These
results not only support the role of IGF-1 as an important
neurotrophic hormone but also suggest that the time during
the life span when IGF-1 is reduced may be important for
the genesis of the impairments in learning and memory at
later stages of the life span.

Despite the data suggesting a positive relationship
between IGF-1 and cognitive function in adults and aged
animals, data from the Ames dwarf and growth hormone
receptor knockout mouse suggest a more complex relation-
ship. In these models, memory assessments using inhibitory
avoidance tasks and the water maze suggest better perfor-
mance in IGF-1-deficient animals (111,112). Although the
specific molecular basis for these differences is unresolved,
several possibilities exist. One of the most important differ-
ences is that although circulating IGF-1 levels are reduced in
these models, brain levels of IGF-1 appear to be maintained
through a paracrine mechanism (113). Although the specific

mechanisms that contribute to this increase have not been
investigated to our knowledge, the decline in these hormones
during prenatal and neonatal life appears to be essential
for this effect because circulating IGF-1 does not appear to
influence expression of brain IGF-1 levels at later ages (114).
Therefore, additional studies are required to assess the specific
role of IGF-1 and IGF-1 deficiency in learning and memory.

CNS as Both Source and Target of IGF-1

Studies of paracrine secretion of IGF-1 in Ames dwarf
animals emphasize some key aspects of IGF-1 regulation.
Production and secretion of IGF-1 by the CNS have been
observed for decades (115-118). The importance of IGF-1
in normal development of the brain is demonstrated by the
striking CNS phenotype of IGF-1 knockout mice. igf-/
gene disruption results in reduced brain size, CNS hypo-
myelination, and loss of hippocampal granule and striatal
parvalbumin—containing neurons (119). Moreover, trans-
genic mice overexpressing IGF-1 have a significantly larger
brain as well as increased myelin content (120). IGF-1 has a
major role in neuronal development as it supports neuronal
stem cell differentiation (121), axonal path finding (122),
and dendritic outgrowth (123,124). Studies on the role of
the IGF-1 receptor elicit very similar phenotype. A homozy-
gous null mutation of the IGF-1 receptor causes neonatal
lethality in mice (125,126). Finally, the brain-specific IGF-1
receptor knockout mice are viable but exhibit severe devel-
opmental abnormalities including dwarfism and microce-
phalia (127).

IGF-1 production in the brain is not only a response to
neuronal injury (ischemia or focal brain injury), but it is
also dependent on neuronal activity (128). Recently, an
important regulatory mechanism for IGF-1 secretion has
been reported (124). Examining synaptic transmission in the
olfactory bulb of SynaptotagminlO (syt10) knockout mice,
Cao and colleagues (124) demonstrated that syt10 is essen-
tial for IGF-1 release. Previous work of the Sudhof group
had established that synaptotagmins are the major calcium
sensor protein for action potential-evoked synchronized
neurotransmitter release (129,130). Although sytl, 2, and
9 are involved in classical neurotransmission (131-136),
recent results on syt10 indicated that it is required to couple-
enhanced neuronal firing to IGF-1 release. Consequently,
IGF-1 acts locally to augment synaptic connections and
maturation of developing neurons in the olfactory bulb. In
syt10 knockout mice, mitral and granule neurons are smaller
with less extensive dendritic arborizations and fewer synap-
tic connections. Importantly, treatment with exogenous
IGF-1 completely reversed the syt10 knockout phenotype.
Similarly, viral transduction with functional syt10 was
effective, but Ca binding mutations of syt10 abolished the
effect. Taken together, these data indicate that IGF-1 is pro-
duced in mitral neurons of the olfactory bulb and stored in
vesicles containing syt10, which triggers exocytosis of the
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vesicles and IGF-1 if dendritic calcium is sufficiently ele-
vated during rapid neuronal firing (Figure 3). Additionally,
increased neuronal activity resulting in nuclear calcium sig-
naling likely activates the transcription of IGF binding pro-
teins (137), thus further modifying the complex interactions
of IGF-1 signaling. Despite the decrease in brain IGF-1 levels
with age, to date, there are no studies to our knowledge of the
regulation of brain IGF-1 levels through this mechanism.

Age-Related Changes in Synapses, Synaptic Transmission,
and Glutamate Receptors

As noted previously, there is compelling evidence that the
decrease in learning and memory with age results from
changes that occur within the synapse. Marked alterations of
both the pre- and postsynaptic structures with age were de-
scribed both in human (20,138) and animal models (139). The
expression level of the presynaptic marker synaptophysin is
decreased in the elderly patients, which is likely the result of
synapse loss. Because synaptophysin is a synaptic vesicular
protein, reduced levels of this protein also can be interpreted
as a decrease in the number of vesicles in synaptic boutons
assuming the overall number of synapses is unchanged. In
addition, synaptic morphology is altered consistent with a de-
crease in overall synaptic function (139).

Studies also indicate that synapses are more likely to be-
come depressed as induction of LTD is shifted, and as a re-
sult, aged animals are more prone to reversal of LTP at
synapses within the CA1 field (140,141). This phenomenon
appears to be partly the result of intracellular calcium signal
dysregulation (142) and also is associated with the redox
state of aged neurons that exhibit a selective reduction in the
NMDA response to field stimulation (143).

In addition to synaptic loss and LTD dysfunction, postsyn-
aptic NMDA receptor subunits of NR1, NR2A, and NR2B are
downregulated in aging rats without change in NR2C levels
(139,144). Moreover, GluR2 and NR1 levels are dramatically
reduced in the hippocampus of aged rats, whereas NR2A
is only decreased in the parahippocampal subregion (145).
Interestingly, learning deficits are associated with changes in
NMDA receptor subunit expression in the hippocampal CA3
field (139,146). These age-dependent changes can be reversed
by systematic IGF-1 treatment (6,139,144,147), suggesting
that the effects of IGF-1 on learning and memory are medi-
ated, at least in part, through modulation of synaptic function
in general and, specifically, NMDA receptors.

An important unanswered question is whether the new
neurons that form in aged animals can form functional syn-
apses. Interestingly, a recent study (148,149) reported that
the oligodendritic factor, Nogo-A, was highly enriched in
CA3 axons. Also, Nogo-A was expressed in neuronal nuclei
in the pyramidal and granule cell layers. Although it is pos-
sible that the nuclear Nogo-A localization reflects Nogo-B
reactivity, which has been previously reported in hippocam-
pal pyramidal cells (150), overexpression of Nogo-A has the

potential to downregulate expression of synaptic scaffolding
proteins and trigger synaptic disassembly (151). Previous
studies indicate that inhibition of Nogo-A increases axon
complexity and shifts synaptic morphology to more plastic
phenotypes (152). In addition, pharmacological suppression
of NgR1 signaling by antibody- and peptide-based blockade
of MAI binding induces formation of functional synapses
and reorganization of axon arbors (153-155). Therefore,
increased Nogo-A expression in older animals likely is an
important factor that inhibits the genesis of new synapses.

POTENTIAL MECHANISMS FOR IGF-1 ACTIONS ON
BRAIN SYNAPSES

Hippocampal Synaptic Plasticity

Previous studies indicate that 22-month-old rodents with
impaired IGF-1 signaling could not sustain perforant path
LTP, whereas others with normal IGF-1 levels of the same age
responded with LTP similar to young rats (156). In addition,
the relevance of circulating IGF-1 to CNS function is best
described in liver-specific IGF-1 knockout mice that exhibit
60% of normal IGF-1 plasma levels (comparable to the de-
creases observed in aged animals and humans). These ani-
mals have a perforant path LTP deficit due to the selective loss
of excitatory inputs and the relative abundance of inhibition
(31). Interestingly, the potentiation of perforant path synapses
also could be blocked by 7y-interferon injected intracerebro-
ventricularly in rats—an effect that was abrogated by IGF-1
treatment (intracerebroventricular) in vivo (156) suggesting
that inflammatory responses present in the brain with age
may contribute to impaired LTP and be reversed by IGF-1
application.

LTD and IGF-1 Signaling

LTD in CA1 hippocampal pyramidal cells can be induced
by brief (10 minutes) application of high dose of insulin,
which induces the endocytosis of the GluR2 subunit contain-
ing AMPA receptors (157). Interestingly, synaptic plasticity
of parallel fibers onto Purkinje cells in the cerebellum is reg-
ulated by IGF receptor Tyr kinase signaling. Acute addition
of IGF-1 (or high concentrations of insulin) causes a robust
reduction in postsynaptic AMPA receptor numbers through
endocytosis (158). Although the details of the signaling path-
way are still elusive, it is worth noting that the JNK1 kinase
pathway regulates the phosphorylation state of the main
scaffold protein, postsynaptic density protein-95. This pro-
cess is blocked during hippocampal LTD (159) supporting a
role of IGF-1 signaling in synaptic receptor trafficking.

Acute Synaptic Effects of IGF-1

Although the effects of IGF-1 are generally considered to
result from long-term exposure, acute application of des-IGF-1
(lacking the first three amino residues from the N-terminal
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Figure 3. Overview of the potential synaptic effects of insulin-like growth factor (IGF)-1. This figure depicts the potential effects of IGF-1 on a glutamatergic
synapse, which may be responsible for the positive effect of IGF-1 on synaptic transmission and prevention of cognitive decline. IGF-1 receptor signaling leads to the
phosphorylation of voltage-gated calcium channels, thus increasing calcium influx and neurotransmitter release. In addition to this indirect effect, it is currently
unknown whether IGF-1 also exerts a direct effect on synaptic vesicle mobilization and the core complex of SNARE proteins during exocytosis. Interestingly, at the
postsynaptic site, IGF-1 may inhibit GSK3beta activity. GSK3beta is suspected of being a major factor in hyperphosphorylation of microtubule-associated protein
tau. By reducing GSK3beta activity, IGF-1 could potentially prevent the formation of neurofibrillary tangles, a major pathological hallmark of Alzheimer’s disease.
Moreover, through PI3K activation, IGF-1 may enhance the delivery and incorporation of glutamate receptors into the dendritic spine. Further studies are required to
explore the interactions between IGF-1 signaling and other kinase pathways including PKA, PKC, and CaMKII. Finally, the new insights into the molecular regulation

of IGF-1 secretion must be investigated for hippocampal and cortical neurons.

of the peptide, 40 ng/mL) increased field EPSP amplitudes
by 40% in CA1 field of hippocampal slices from young rats
(160). The enhancement was selective to current through
AMPA receptors reversible and dependent on PI3K pathway
activation. Also, IGF-1 administration has acute effects on
calcium currents (Figure 3) through L- and N-type voltage-
gated channels (161) of cerebellar granule cells. Augmenta-
tion of current through these calcium channels was voltage
dependent and selective as P/Q- and R-type channels were
unaffected. The effect on N-type channels was independent
of Akt signaling, whereas Akt kinase activity was essential
for the potentiation of L-type currents (162). In the case of
L-type channels, phosphorylation of the alphal subunit at

Y2122 by PI3K/Akt or src pathways was necessary for the
potentiation (163).

The Role of Other Elements of the Insulin/IGF-1/Insulin
Response Substrate Signaling

Impairment of signaling molecules in the insulin, IGF-1
pathway also has an important effect on synaptic plasticity.
For example, Irs2 knockout mice have impaired CA1 LTP.
Despite a normal basal synaptic activity, these animals can-
not maintain CA1 potentiation that is most likely the result
of inadequate activation of NMDA receptors during tetanic
stimulation (164). Interestingly, multiple receptor kinase
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pathways are hindered in this model, and the NMDA recep-
tor B subtype is absent just as NMDA receptor phosphory-
lation. Furthermore, NMDA responses are further reduced
after tetanus, a possible sign of receptor removal from the
postsynaptic plasma membrane. Surprisingly, the IRS2
knockout phenotype is more severe than IGF-1 deficiency
as LTP is not induced even after the blockade of synaptic
inhibition by the GABA-A receptor antagonist, bicuculline
(164). It must be noted that a novel regulation of NMDA
receptor surface density has been discovered, induced by
low intensity (25 Hz instead of 100 Hz) stimulation (165-167).
Such changes in the NMDA receptors may be ideal to modify
and fine-tune the threshold for LTP (Figure 3), a phenome-
non termed metaplasticity (168). Taken together, one could
view the phenotype of reduced IGF-1/insulin response sub-
strate signaling as a special case of shifted metaplasticity
with a significantly elevated threshold for LTP.

IGF-1 and Neuronal Networks

To better understand neuronal regulation of behavior, learn-
ing and memory studies have been extended to neuronal cir-
cuits and complex networks both in vivo and in vitro. In these
studies, IGF-1-activated cultured hippocampal networks indi-
cated by selectively increasing somatic excitatory postsyn-
aptic potential frequency (169). However, data should be
interpreted with caution because of the experimental design.
Although a concentration-dependent activation of mitogen-
activated protein kinase/extracellular signal-regulated kinase
pathway (originally ERK) has been reported even the lowest
IGF-1 concentration tested (1 ng/mL) boosted network activ-
ity to maximal frequency after 24-hour treatment. Moreover,
shape, size, and frequency of individual quantal release events
(mEPSCs), all were unchanged by IGF-1 in this test. In con-
trast, in another study (170), IGF-1 treatment (300 ng/mL)
of hippocampal neurons increased spontaneous mEPSC fre-
quency almost fourfold. This effect was probably indirect,
as it relied on the activation of hypoxia-inducable factor
lalpha and required the expression of vascular endothelial
growth factor. Many questions remain unanswered by these
latest studies, and further experiments will be required to
gain important insight into the molecular mechanism of
IGF-1 action on presynaptic neurotransmitter release.

THE CONTROVERSIAL ISSUE OF THERAPEUTIC
BENEFITS OF IGF-1 IN AD

Synaptic loss and/or alterations in synaptic function are
considered to be the main pathological features of cognitive
decline in aging. In addition, recent results strongly support
the concept that synaptic loss is a structural correlate of very
early cognitive decline in AD (171). A similar correlation
was found with tau fibrillary tangles but not with amyloid
plaque load in AD brains (172). IGF-1 appears to have many
synaptic effects and protects against toxic AP oligomer—
induced synaptic disruption (173). Both insulin and IGF-1

reduce AP oligomer binding, protect synapses from synapto-
toxic effects of AP oligomers, and prevent the AP oligomer—
induced surface insulin receptor loss. Furthermore, insulin/
IGF-1 receptor signaling may be a part of the neuroprotective
effect of rosiglitazone (174) Rosiglitazone is known as a per-
oxisome proliferator—activated receptor-y agonist, which can
reduce AP toxicity and improves memory test results in AD
models (175-177). These results suggest that brain insulin
resistance and dysfunction of IGF-1 receptors contribute to
toxic A} oligomer accumulation and subsequent synaptic loss.

Nevertheless, there are studies indicating that activation
of IGF-1 signaling accelerates the decline in learning and
memory in AD mice (178-180). Although the mechanism
for this effect was proposed as a reduced aggregation of
amyloid into inert compact senile plaques, some alternative
explanations are possible. For instance, IGF-1 appears to
increase neuronal network activity in cultured neurons,
and amyloid production correlates with neuronal activity
(181-183). Therefore, the possible beneficial effects of
IGF-1 could be hindered in AD patients through elevated
AP secretion and amyloid accumulation if IGF-1 further
activates the default network in AD. Moreover, pharmaco-
logical inhibition of PI3K with wortmannin was reported
to decrease amyloid accumulation and A levels in the
brain of Tg2576 mice (184). This is surprising, as the main
amyloid-degrading enzyme also known as insulin-degrading
enzyme is upregulated through the insulin/IGF-1 PI3K/Akt
pathway (185). Extension of the original study to larger
cohorts could provide better understanding of this complex
phenotype. Increased inflammation with aging within the CNS
is another crucial pathophysiological mechanism proposed for
increased AD risk in the elderly patients. The long list of IGF-1
effects on inflammatory responses is beyond the scope of this
review; however, it is noteworthy that recent findings support a
role of IGF-1 treatment in protecting synaptic plasticity from
inflammatory agents (156). Furthermore, some reactions
including increased interleukin-6 clear amyloid from the
rodent brain (186) supporting the conclusion that inflamma-
tion per se is not a major driving force for amyloid deposition.

Unfortunately, a definitive assessment on the benefits and
risks of IGF-1 treatment in AD cannot be expected in the near
future. Additional in vivo studies similar to the elegant work
from the Torres-Aleman group (187) on the Tg2576 AD
model expressing human mutant amyloid precursor protein
where cognitive decline was prevented by IGF-1 treatment
are needed. One possible explanation for the contradictory
results from the various in vivo studies on IGF-1 signaling in
AD amyloid toxicity is that a negative feedback relationship
exists between systemic IGF-1 and local intracerebral IGF-1
production. However, we find this unlikely in light of recent
detailed analysis on the correlation of serum and cerebrospi-
nal fluid levels of IGF-1 (188). Another potential explanation
may be related to the important differences between the AD
model used in studies of AD (eg, presenilin mutations [179]
or only amyloid precursor protein mutations [187]).
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CONCLUSIONS

In summary, IGF-1 has multiple effects on the nervous sys-
tem and specifically on synaptic structure and plasticity that are
beneficial in maintaining cognitive function during aging.
Although IGF-1 has multiple independent and interacting
effects on many aspects of brain function, further molecular
and electrophysiological studies are required to identify the
specific molecular pathways that contribute to the effects of
IGF-1 at the synapse and ultimately on the mechanisms that
regulate learning and memory. To illustrate, an understanding
of the possible interactions of IGF-1, glutamate receptors, and
the Akt pathway will require integration of new data on synap-
tic activity with neuronal survival. In a recent article (189), a
moderate increase in NMDA activity resulted in calcium sig-
naling, activation of PI3K/Akt, and inhibition of FOXO tran-
scription factor. These changes reduced apoptosis and thus
prevented cell death. A plausible scenario is that IGF-1 has a
similar effect through an increase in NMDA receptor expres-
sion and/or Akt activation. Interestingly, IGF-1 also protects
retinal rod photoreceptor cells from degeneration induced by
okadaic acid (190). However, despite the well-recognized pos-
itive effects of IGF-1 on synaptic function and mild cognitive
impairment, the complex role of IGF-1 in neurodegenerative
diseases is understudied and advances in our knowledge of
brain aging and interactions with disease progression will
require additional research. Because IGF-1 is one of only a few
interventions that have consistently been reported to reverse
cognitive decline with age, we expect that further research in
this area will identify targets for selective therapeutic interven-
tions that improve cognitive function in the elderly patients.
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