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Apart from regulating somatic growth and metabolic processes, accumulating evidence
suggests that the growth hormone (GH)/insulin-like growth factor-I (IGF-1) axis is involved
in the regulation of brain growth, development, and myelination. In addition, both GH and
IGF-I affect cognition and biochemistry in the adult brain. Some of the effects of GH are
attributable to circulating IGF-1, while others may be due to IGF-I produced locally within
the brain. Some of the shared effects in common to GH and IGF-I may also be explained by
cross-talk between the GH and IGF-I transduction pathways, as indicated by recent data
from other cell systems. Otherwise, it also seems that GH may act directly without
involving IGF-I (either circulating or locally).

Plasticity in the central nervous system (CNS) may be viewed as changes in the
functional interplay between the major cell types, neurons, astrocytes, and
oligodendrocytes. GH and IGF-I affect all three of these cell types in several ways. Apart
from the neuroprotective effects of GH and IGF-I posited in different experimental models
of CNS injury, IGF-I has been found to increase progenitor cell proliferation and new
neurons, oligodendrocytes, and blood vessels in the dentate gyrus of the hippocampus. It
appears that the MAPK signaling pathway is required for IGF-I-stimulated proliferation in
vitro, whereas the PI3K/Akt or MAPK/Erk signaling pathway appears to mediate
antiapoptotic effects. The increase of IGF-1 on endothelial cell phenotype may explain the
increase in cerebral arteriole density observed after GH treatment. The functional role of
GH and IGF-l in the adult brain will be reviewed with reference to neurotransmitters,
glucose metabolism, cerebral blood flow, gap junctional communication, dendritic
arborization, exercise, enriched environment, depression, learning, memory, and aging.

Briefly, these findings suggest that IGF-I functions as a putative regenerative agent in
the adult CNS. Hitherto less studied regarding in these aspects, GH may have similar
effects, especially as it is the main regulator of IGF-1in vivo. Some of the positive cognitive
features of GH treatment are likely attributable to the mechanisms reviewed here.
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THE PRESENCE OF THE GH-IGF-I SYSTEM IN THE BRAIN
CNS Expression of Receptors for GH and IGF-I

Several studies have addressed the expression and distribution of GH receptors (GH-R) and IGF-I receptors
(IGF-I-R) in the brain. The first characterization was performed with ligand binding experiments and
subsequently with mRNA and protein expression patterns, both using brain region homogenates and
immunohistochemistry. Generally, the different methods show a comparatively similar distribution of
receptor expression. GH-R immunoreactivity has been reported to be present in neurons, astrocytes, and
oligodendrocytes[58] (Table 1, Fig. 1), and it appears that there is a partial agreement with expression for
regions that abundantly coexpress IGF-I and IGF-I-R[42]. Particularly high expression of GH-R has been
observed in the choroid plexus, hippocampus, and the hypothalamus in both rodents[58] and humans[37].
IGF-I-R is expressed in neuronal stem cells[171], but also appears to be present mostly in neurons, but also
in glial cells throughout the brain, with the highest density in cerebral cortex and the striatum[32,162]. Like
GH-R, the IGF-I-R is highly abundant in the choroid plexus as shown in both ligand binding
experiments[25] and from IGF-I-R mRNA studies[51].

Local Expression of GH and IGF-I in the Brain

Although the pituitary is considered to be the exclusive source for GH in the blood and liver-derived
IGF-I constitutes the major part of circulating IGF-I, studies have suggested a local production of both GH
and IGF-I in various parts of the brain.

In 1980, GH-like material was found outside the pituitary in hypophysectomized rats and
primates[10,13] whose pituitary GH should have had time to be “washed out” (see also Table 1). The levels
were about 10° less than in the anterior pituitary[13]. Using in situ hybridization, the presence of GH
mRNA has been reported in the caudate putamen, the striatum, the ventral thalamus, the formation
reticularis, the outer part of hippocampus, and the basal cortex[20]. Although controversial for a number of
years, additional data during the last years have added support for at least a low-level expression of
nonpituitary GH within various parts of the brain[74,219]. This finding is intriguing, although the biological
significance of this local production of GH outside the pituitary remains to be investigated.

IGF-I immunoreactivity is widespread in all types of neuronal cells in the brain[72]. Findings that IGF-I
expression in the CNS is particularly high during fetal development and reaches its peak expression during
the first two postnatal weeks, predominantly in neurons, but also in glial progenitors, suggest that this
growth factor may play a role in the development of the nervous system[27,31,35,41]. Moreover, IGF-I
expression in the brain is partly transient corresponding to regions and periods of axon outgrowth, dendritic
maturation, and synaptogenesis[42].

In conclusion, there are multiple possibilities for direct actions of peripherally derived or locally
produced GH, as well as endocrine or autocrine/paracrine effects of IGF-I on the CNS. However, at present,
the relative importance of these different pathways of GH and IGF-I action remains unclear.

IGF Binding Proteins

The majority of circulating IGF-I is bound to a variety of different IGF binding proteins (IGFBPs), of which
six have been characterized to date. After extensive research, a wide range of different functions for the
IGFBPs have been proposed and they are considered to be of importance for the pharmacokinetics of IGF-I,
both in circulation and at the tissue level. At the cell surface or in the extracellular cell matrix, IGFBPs can
either inhibit or enhance the presentation of IGF-I to its receptor. Recently, reports have suggested
additional IGF-I independent actions of the IGFBPs (for review, see [168]). Colocalization of IGFBPs and
IGF-I has been reported to occur during brain development and has been suggested to be a mechanism for
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modulating the actions of IGF-1[119,131]. IGFBP-2[95], IGFBP-4[64], and IGFBP-5[64] appear to be the
predominant binding proteins, although low expression of IGFBP-1[131], IGFBP-3[95],

TABLE 1
Presence of GH, GH-R, IGF-I, IGF-I-R, GH Binding Proteins, and IGF Binding Proteins in Four Brain
Regions*
Hypothalamus Cortex Hippocampus Cerebellum/Brain Ref.
Stem
GH ++ Neuron ++ NE + NE + NE [39], [20]
MRNA
GH ++ NE + NE + NE NE [13]
protein
GHrec ++ Neuron (PeN, PVL) — Neurons (frontal ++ NE NE [43]
mRNA cortex)
(adult) + Unidentified cells
GHrec ++ Neuron ++ Neuron (2, 3, 5, 6) ++ Neuron ++ Neuron [58],
protein - Astrocyte (gen.) (Purkinje) postnatal
++ Ventr. Astr. ++ Astrocyte (cing.) ++ Ventr. Astr. + Neuron (gen.) day 10
++ Oligodendr (cing.)
++ Choroid plexus
GHrec + NE +++ Choroid plexus ++ NE + NE [371],
(ligand) + Frontal cortex human
data
IGF-I + NE ++ Neurons ++ Neurons (CA1- ++ Neurons [34],
mRNA CA2, DG) [42],
[32]
IGF-I ++ Astrocytes + NE NE NE [61],
protein ++ Tancytes [80]
IGF-I rec. ++ Neuron ++ Neuron +++ Cell type NE, but [85],
mRNA (suprachiasmatic ++ Choroid plexus probably neurons + NE [51],
nucl.) ++ Vascular sheath (CA2-4, DG, GCL, [42],
+ Astrocyte Hilus [32]
IGF-I rec ++ Neurons (CA1-3)
protein NE + Neurons (2,3,5,6) +/- Other cells ? NE [162],
+++ Ependymal cells +++ In vitro: adult [171]
hippocampal
progenitor cells
IGF-I rec. ++ NE ++ Layer 1,2 ++ CA1, CA3, GCL ++ NE [38],
(ligand) +++ Choroid plexus + Hilus etc. [25],
[24]
GHBP All cell types (neuronal, glial, ependymal) in the brain show GHBP IR, no detailed data supplied [47]
IGFBP (1-  Complex regulation and interaction with IGFs, synthesized by both neurons and astrocytes [104]
6)

*The table provides examples of GH and IGF-I effects and is not exhaustive, although many of the important references
are included. Unless otherwise specified, the data refer to adult rodents.

+++, Intense; ++, moderate to intense; +, identifiable, but not intense; —, not identifiable.

Abbreviations: IR, immunoreactivity; NE, not examined, unknown, or not shown; Ventr. Astr., ventricular astrocytes
(including ependymocytes); L(1-6), cerebral layer 1-6 as specified; gen., general; cing., cingulum; CA, cornu ammonis

(in the hippocampus); DG, dentate gyrus (in the hippocampus); GCL, granule cell layer.
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FIGURE 1. Schematic overview of the nomenclature of the major cell types in the CNS. Nomenclature
of the glia cell family is sometimes especially confusing. Shadowed boxes are the major cell types in
the brain parenchyma (and are the names of the cells that will be referred to in the review). Microglial
and endothelial cells are thought to be of mesenchymal origin while the other cell types are of
neuroectodermal origin. The choroid plexus may be regarded as a specialized outgrowth of
ependymocytes making up the blood-CSF barrier.

and IGFBP-6[131] has also been reported. More specifically, expression of IGFBP-2 simultaneously with
IGF-II has been reported in the choroid plexus and meninges[62], and with IGF-I in neuronal structures[57].
A recent study suggests expression of IGFBP-2 in microglial cells and possible involvement in the
pathogenesis of multiple sclerosis[191]. Morevoer, IGFBP-2 in particular appears to depress an increase by
IGF-I on astrocyte intercellular communication by gap junctions[172], which may have consequences for
the repair of lesions in the brain. On the other hand, expression of IGFBP-5 has been shown to be more
selectively coexpressed with IGF-I or in the vicinity of IGF-I-producing neurons[53]. IGFBP-6 is
synthesized in the choroid plexus and by astroglial cells[95], and recent studies suggest a regulatory role of
cell proliferation in the CNS[190]. Although a wide range of actions in both physiology and
pathophysiology has been proposed, it is clear that more studies are needed to clarify the exact roles of the
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different IGFBPs in the CNS (for reviews, see [104,170]), especially in the context of brain injury and
repair.

GH and IGF-l and the Blood Brain Barrier

The transport of GH and IGF-I from the blood to the brain may potentially occur by any of three
mechanisms in normal physiology: (1) they may circumvent the blood brain barrier (BBB) as in the
circumventricular organs (such as in the median eminence of the hypothalamus); (2) they may actively or
passively pass the brain parenchyma capillaries through the BBB (here designated capillary-bed BBB); or
(3) they may be filtered through the choroid plexus into the CSF (the so-called blood-CSF barrier). From
the CSF, they may either diffuse into the brain parenchyma through the ependymal cells, but they are
mostly taken up into the subarachnoid villi and transported away to the blood directly or via the brain
lymphatic system. The three mechanisms are sometimes confused with each other, which may explain some
of the differences in interpretations of different studies. The transport or leakage from CSF over the
ependymal cells both from and into the brain parenchyma intercellular space appears to be a possibility in
the case of IGF-I, as exemplified for IGF-I that penetrates up to 1.25 mm into the ventricle walls[215].
Small quantities of brain parenchymal intercellular substances may also be cleared into the blood by the
lymphatic system of the brain.

Previously, controversy existed regarding the extent to which GH can cross the actual capillary-bed BBB,
but there is now growing evidence of GH uptake from the blood stream into the brain parenchyma through
different routes. First, GH-R is present in the choroid plexus and it has been suggested to play a role in the
transport of GH across the blood-CSF barrier[37]. Moreover, when GH was administered peripherally to
patients with GH deficiency, a tenfold increase in CSF levels of GH was reported[68], which would support
passage of GH over the blood-CSF barrier or alternatively another specific transport mechanism for GH from
periphery to the CNS. This is in contrast to previous studies using iodinated GH that showed only a limited
passage of GH over BBB[6,12], as these studies showed mostly the effect of the capillary-bed BBB. However,
a recent study that examined GH absorption via the capillary-bed BBB into both the mouse and rat brain in
vivo and GH pharmacokinetics of endothelial cell cultures in vitro favors the idea of an influx of GH by
simple diffusion, despite the absence of a specific transport system[216]. In addition, the BBB (both blood-
CSF barrier and capillary-bed BBB) might be compromised in different pathological conditions such as after a
hypoxic-ischemic event or even by hypophysectomy itself as previously suggested[124]. Taken together, there
is growing support of a passage of GH over the BBB, although the exact mechanisms and extent of passage
remains to be further elucidated.

It is now well established that IGF-I reaches both the brain parenchyma and CSF from the peripheral
blood stream. From pharmacokinetic studies in vitro, it appears that IGF-I uptake, unlike the uptake of
GHJ216], is mediated by a specific carrier both in the capillary-bed BBB[23] and in the blood-CSF
barrier[134,210]. Interestingly, at least in rats, the blood-CSF barrier uptake appears to be saturated at a
serum IGF-I of about 150 ng/ml[134], which is lower than the usual range of serum-IGF-I in the normal rat
(approximately 1000 ng/ml[122]). Moreover, exercise per se appears to enhance IGF-I transport over the
BBB[135], as it appears mostly by the capillary-bed BBB. Also, injuries may enhance IGF-I uptake into the
brain parenchyma, possibly by opening of the BBB, as suggested by studies showing that hypoxic-ischemic
injury enhances centrally administered *H-IGF-I staining in the brain[75].

Thus, although not fully characterized, there appear to be mechanisms for transport of both GH and
IGF-I across the BBB.

EFFECTS OF GH-IGF-I IN THE ADULT BRAIN
Different Aspects of the Concept of Brain Plasticity

The ability to adapt brain function and cell biology, including structural changes in the brain, is often
referred to as the plasticity of the brain. Brain plasticity can be studied using tools to access mRNA, protein,
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post-translational modifications, cellular and regional expression, protein activity function, or cell
physiology (e.g., ions and neurotransmitters, action potentials). In the brain, cellular function can be
described in terms of interactions between the major cell types of the brain and the concept of a functional
neuron-glia unit, proposed as early as in 1962 by Holger Hydén (Fig. 1)[3]. Cellular morphology may be
affected in, for example, dendritic arborization, axon elongation, and astrocyte process extension (Fig. 2). In
addition, adult cell genesis (proliferation), including neurogenesis and apoptosis, are processes that may be
affected by different stimuli. When these processes are influenced for a longer period of time,
macrostructural changes in the brain have been observed in, for example, the posterior hippocampus[138].
Within this concept of brain plasticity, we will try to describe both cellular and functional mechanisms of
action for GH and IGF-I in the adult brain.

Cell Genesis in Relation to Neurogenesis

Adult cell renewal has been established for decades primarily with respect to endothelial cells, microglial
cells, and to a certain degree astrocytes (read reactive astrocytosis)[1,2,4], while suggestions of
neurogenesis and oligodendrogenesis were ignored until the early 1990s. Particularly important regarding
adult neurogenesis were the discoveries of self-renewing cells with multilineage potential in the adult
mammalian brain[49,50], the human brain included[98,142]. There are two sites with a high density of
proliferating progenitor cells in the adult brain: the subgranular zone (SGZ) of the dentate gyrus of the
hippocampal formation[4,78,142], and the subventricular zone (SVZ)[106,109,117]. In the dentate gyrus,
the progenitor cells migrate into the granule cell layer where they differentiate into granule cell neurons. In
the SVZ, the progenitors migrate through the rostral migratory stream to the olfactory bulb where they
differentiate into interneurons, but also into oligodendrocytes and astrocytes[214]. However, cellular
proliferation also occurs at a much lower frequency in brain regions outside of the two brain sites described.
The status of adult cellular proliferation in, for example, the cerebral cortex has not been completely
elucidated. A resident population of dividing cells in the adult cerebral cortex has been suggested[120], but
there may also be an ongoing migration of newborn cells coming from the SVZ[114]. Altogether, there
seems to be two major regions with ongoing adult cell proliferation in the brain (including neurogenesis),
but there is also evidence of a more-dispersed cell proliferation (normally without neurogenesis) at a much
lower rate outside of these two major sites.

GH and IGF-1 and Cell Genesis
Trophic Effects in the Growing Brain

In 1968, a study indicated that GH had trophic effects in the CNS. The study reported that treatment with
GH increased the thickness of diencephalic structures (e.g., the anterior and posterior commisure) in the
growing postnatal brain[5]. Later, studies of Little mice (deficient in serum GH and IGF-I due to a mutation
in the GHRH-receptor) showed that these substances are important for cell proliferation and for
oligodendrocyte parameters in the developing brain[28]. Similarly, it has been shown that treatment with
GH antiserum causes a decrease in proliferation and myelination in growing rats[8]. Conversely, GH
overexpression increases brain weights and the astrocyte intermediate filament glial fibrillary protein
(GFAP)[69]. There are data in the developing animal that indicate that GH affects both neuron and
astrocyte proliferation. The suppressor of cytokine signaling-2 (SOCS-2) is held to be an inhibitor of GH
signaling; therefore SOCS-2—disrupted mice are hyper-responsive to GH[200]. In these mice, grown to a
young adult age, there were fewer neurons and more astrocytes in several layers of the cerebral cortex and
in the striatum, although the hypothalamus was unaffected[200]. Conversely, the neuron-to-glia ratio
increased in GHR -/- mice[200]. This was also shown in embryonic progenitor cultures taken from the
SVZ, where GH decreased neuronal differentiation[169]. In addition, dendritic branching decreased in
pyramidal cells and neuronal somas were also decreased in size[200]. Also, it seems that GH
overexpression increases GFAP content in the brain[69], indicating an effect on astrocytes. Surprisingly,
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FIGURE 2. Schematic overview of the cellular interactions through which GH and IGF-I act. Yellow = oligodendrocyte; blue =
neuron; green = astrocyte; red = blood vessel and erythrocytes. Arrows indicate the cellular targets that are affected by GH and
IGF-I. Details are comprehensively described in the main text.

GH increases both neuronal and glial relative cell numbers in embryonic cultures from cerebral cortex[173],
which may indicate a partly different effect of GH on the embryonic brain compared to what happens later
during early postnatal development.

IGF-I overexpression induces even more pronounced effects. For example, it has been found that brain
size In Vivo increases by 55% and myelin content increases by 130% at 55 days of age[55]. Surprisingly,
oligodendrocyte cell density was unchanged. Furthermore, transgenic IGF-1 overexpression has been shown
to promote neurogenesis and synaptogenesis in the hippocampal dentate gyrus during postnatal
development[141]. Moreover, IGF-I overexpression results in increased neuron number and growth in the
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medullary nuclei of the mouse[108] and promotion of neurogenesis and synaptogenesis in the hippocampal
dentate gyrus during postnatal development[141]. Conversely, in IGF-I knockout mice, hypomyelination,
reduction of granule cells in the hippocampus, reduced neuron and oligodendrocyte numbers within the
olfactory bulb, and reduction of brain total size are found[65,96]. These findings have parallels in different
in vitro situations. For example, IGF-I is a mitogen for embryonic progenitors[22,82] and is needed for the
propagation of fetally derived neurospheres[150] and neuroblast cultures[54]. To summarize, the above in
vivo studies have focused on the consequences of GH/IGF-I deficiency (both local and systemic deficiency)
on cell genesis during development and young ages, whereas the in vitro studies may largely be regarded as
investigations of embryonic local (paracrine/autocrine) effects of GH/IGF-1. However, IGF-I is also known
to affect cell genesis in the adult brain, as will be discussed in the following sections.

Serum-Derived GH and IGF-1 and Adult Cell Genesis

The extracerebral and peripheral increases of GH and IGF-I in adult animals are part of a physiological
response to exercise and, thus, are of interest as GH or IGF-I may be used as exogenous pharmacological
agents for enhancing cell genesis in the CNS.

The investigation of proliferation and differentiation of progenitor cells in the adult brain has been
performed in hypophysectomized rats[132], liver-specific IGF-I knockout mice treated with peripherally
administered IGF-I[196], or in normal rats with an antibody blockade of peripheral IGF-I with
antibodies[159]. In these paradigms, bromodeoxy uridine (BrdU) has been used to monitor proliferation in
combination with double/triple immunofluorescence for cell-specific markers in the evaluation of cell fate
differentiation.

The Two Proliferative Zones in the Adult Brain
The Hippocampus — New Neurons, Oligodendrocytes, and Endothelial Cells

Peripheral IGF-I in young adult rats, either hypophysectomized or intact, has been shown to increase both
cellular proliferation in the dentate SGZ and the subsequent migration and differentiation of progenitor cells
within the granule cell layer (GCL) of the dentate gyrus in the hippocampus[132,196]. IGF-I increased
BrdU-positive cells by about 80% in the GCL after 6 days of administration and after 20 days of IGF-I
treatment, approximately 50% of the increase of BrdU-positive cells remained[132]. This likely reflects
both apoptosis and cellular migration away from the site of genesis (for more details on this topic, see
[205]).

Peripheral rhIGF-I treatment for 20 days in hypophysectomized rats has been shown to increase both
BrdU-positive cells and the fraction of newly generated neurons in the GCL as evaluated by the neuronal
markers Calbindin Dogx, microtubule-associated protein-2 (MAP2), and NeuN[132]. However, IGF-I did
not affect the fraction of newly generated astrocytes[132]. The fact that there was a positive correlation
between body weight gain (by IGF-I treatment) and the number of BrdU-positive cells in the GCL further
underlines that peripheral IGF-I affects the degree of hippocampal proliferation. Overall, the number of new
neurons increased 78 £ 17% more after 20 days in IGF-I-treated animals[132]. This is a relatively larger
increase than the number of surviving cells per se. Increased circulating IGF-I induced by exercise elicits
similar effects on hippocampal neurogenesis[159]. It appears that circulating IGF-I also directly affects
angiogenesis in the hippocampus, as evidenced by increased numbers of BrdU-positive cells, which are also
positive for lectin (an endothelial marker)[196]. Furthermore, it appears that local IGF-I also has relevance
for hippocampal neurogenesis because in GH-deficient long-lived Ames dwarf mice a combination of
increased local IGF-I and increased neurogenesis was observed, despite low levels of circulating IGF-
I[219]. Finally, it was recently shown that IGF-I has an instructive role inducing oligodendrocyte cell fate
from adult hippocampal progenitor cells in vitro and increasing oligodendrocyte markers in the hilus region
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of hippocampus in vivo[194]. Tt appears that IGF-I preserves its capacity to induce adult hippocampal
proliferation of cells after ischemic injury[178]. The functional benifit of this remains to be established.

The action of IGF-I on hippocampal neurogenesis may require permissive conditions provided by other
agents such as the estrogen receptor system. This is suggested by findings that the estrogen receptor
antagonist ICI 182780 blocks the intracerebroventricularly IGF-I-induced neurogenesis in the dentate
gyrus, whereas coadministration of subcutaneous estradiol and intracerebroventricular IGF-I enhances
neurogenesis[185]. Estrogen receptors both of o and B types are widely expressed in the hippocampus and
elsewhere in the brain of animals of both sexes (for review, see [144]). IGF-I and estradiol also have
permissive and additive effects for other processes in the brain, e.g., synpatogenesis and neuroprotection
(for review, see [144]). Interestingly, it appears that estradiol may have similar neuroprotective effects in
both female and male rats[220].

In summary, there is evidence that IGF-I is one of the major peripheral stimuli for hippocampal cell
genesis and neurogenesis. There is also support, however, for other peripheral factors (e.g., the estrogen
system) that may interact with the effects of IGF-I.

In Vitro — Cells Derived from the Adult Hippocampus

Adult hippocampal progenitor cells (AHPs) derived from the adult rat hippocampus are thought to correspond
to progenitor cells in the adult SGZ. The AHP cells express IGF-I-R, IGFBP-2, and

IGFBP-4[172], which is probably similar to conditions in vivo, as IGF-I-R appear to be highly expressed in
the SGZ of the hippocampus[51,162]. IGF-I treatment increases the amount of IGFBPs, while FGF-2
pretreatment increases the amount of IGF-I-R protein, which may explain the positive additive effect of FGF-
2 and IGF-I on AHP cell proliferation[172]. Using inhibitors and dominant negative constructs, it appears that
the MAPK (mitogen-activated protein kinase) signaling pathway is required for IGF-I-stimulated proliferation
in adult progenitor cells[172]. The proliferative effect is separated from the effects mediated by insulin, as
shown in dose-response experiments with high or low concentrations of insulin. The phenotypic distribution
after 10 days of IGF-I treatment in vitro shows that the fraction of newly generated neurons increases
significantly. These results suggest that the proliferative effects of IGF-I on AHPs found in vivo are also
present in vitro and that they are mediated by the MAPK signaling pathway.

Potential Effect in the SVZ and the Olfactory Bulb

The SVZ is the other main site of cell division that persists throughout adulthood. Migration of cells occurs
mainly through the rostral migratory stream (RMS) to the olfactory bulb. In the olfactory bulb, the cells
mature into interneurons, but also into astrocytes and oligodendrocytes. Although not well understood, there
are data supporting an additional migration of cells from the SVZ into the cerebral cortex[114,120,161]. As
yet, no study has examined the effects of IGF-I on adult proliferation in the SVZ. However, during the
development of the olfactory bulb, IGF-I knockout animals show an abnormal formation of the olfactory
bulb mitral cell layer and they also have altered radial glia morphology[187]. As SVZ is the source of
olfactory neurons, also during development, it appears that IGF-I has the potential to affect SVZ
proliferation. This is supported by the fact that IGF-I is highly expressed[41] and the IGF-I-R is moderately
expressed[51] in these cell layers.

In the olfactory epithelium (part of the peripheral nervous system) and within the olfactory bulb (part of
the CNS), neurogenesis persists into adulthood[67]. The adult olfactory bulb is the target for most cells
migrating from the SVZ. It appears that type A cells within the SVZ are the source of migrating
neuroblasts[179], which arrive to the olfactory bulb for maturing locally[176]. Although their origin is from
the SVZ, it also seems that some precursor cells continue to divide in situ within the olfactory bulb[164].
Furthermore, IGF-I stimulates proliferation in adult glial olfactory cultures[160] and certainly appears to
affect neuronal axonal extensions and glial morphology in organotypic cultures[63]. It thus seems plausible
that peripheral IGF-I affects adult cell genesis in the adult olfactory system.

61



Aberg et al.: GH-IGF- in the CNS TheScientificWorldJOURNAL (2006) 6, 53-80

Altogether, available data support the idea that IGF-I increases adult cell genesis in the SVZ, as well as
migration into the olfactory bulb. However, the nature and functional significance of these events remains
to be investigated.

Neuroprotective Actions of the Somatotrophic Axis
Neuroprotection and Neuroregeneration

The research on acute treatment of stroke has largely focused on the effects of various neuroprotective
agents in sparing the neurons in the penumbra zone of an ischemic lesion. Several such compounds,
including IGF-I and GH, have been successful in reducing the damage after ischemic lesions in
experimental animal models. These substances may potentially also have protective effects in humans.
However, clinical studies are needed to confirm this issue.

After the acute phase in an ischemic lesion, which may last for days in humans, there is a recovery
phase where patients usually regain some lost abilities and skills. As long as the ischemic pathology
proceeds, one can administer a compound to act in a manner of “neuroprotection”, i.e., to save tissue and
cells from dying. This is largely a different process than the much longer regenerative plasticity that takes
place during recovery after an ischemic injury. A compound can thus be stated to act in a manner of
neuroprotection or neuroregeneration (for review, see [205]). Of course, the two processes may be affected
simultaneously by a given substance, as is probably the case for GH and IGF-I. Recovery is also often
enhanced by active rehabilitation programs. Interestingly, this may have a parallel in the situation where
several plasticity mechanisms including neurogenesis are observed in rats and mice living in enriched
environments[100,121], learning tasks[113], and physical activities[129].

Neuroprotective Effects of IGF-I

IGF-I, IGFBP-2, and IGFBP-3 mRNA expression have all been shown to increase after hypoxic-ischemic
injury (HI)[45,52,115] and it has been speculated that the increased IGF-I expression may be an
endogenous mechanism to reduce the injury after an insult[79,95]. Moreover, since the early 1990s,
intervention studies have shown neuroprotective effects of IGF-I in different models of injury and insults to
the brain. IGF-I has been administered through different routes, for example, directly through
intracerebroventricular administration[56,209]. However, similar effects have also been found after
peripheral administration of IGF-1[93,110]. Interestingly, it has also been shown that elevated IGF-I after
exercise may mediate neuroprotective effects against several injuries in the adult rat brain[151].

Initial studies were focused mainly on the tissue-protective aspects of IGF-1 administration. These
effects can largely be linked to antiapoptotic mechanisms[181,209]. IGF-I has been shown to promote cell
survival and inhibit apoptosis in vitro in a number of cell types including neuronal cells[102,107,
127,148]. Studies performed in vivo have demonstrated neuroprotective effects after HI insult in adult rats
and fetal lambs, reducing both the loss of neurons and demyelination[56,77,153]. The signaling of the
survival-promoting effects of IGF-I have been studied mostly in vitro and are considered to mainly occur
through the PI3K (phosphoinositide-3 kinase)/Akt (a kinase and a transcription factor also known as protein
kinase B, PKB) pathway or through activation of the MAPK/Erk (extracellular signal-regulated kinase)
pathway[84,90,102,123,149](Fig. 3). A recent in vivo study showed that intracerebroventricular
administration of IGF-I for 3 days after the insult reduced HI brain injury by 40% compared to controls and
that the neuroprotective effect was accompanied by increased levels of phosphorylated Akt and Erk,
inactivation of the proapoptotic glycogen synthase kinase kinase 3 B (GSK3p), and with reduced caspase-3—
and caspase-9-like activity[209]. Also, the neuroprotective effect of IGF-I has been shown to synergize
with erythropoietin in a model of N-methyl D-aspartate (NMDA )—induced insult[192]. However, it is likely
that IGF-I simultaneously acts at several levels of cell turnover including both
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FIGURE 3. Proposed signaling pathways for IGF-I and GH with regard to cell survival. IGF-I binding to its
receptor leads to activation of the PI3K/Akt or MAPK (mitogen-activated protein kinase = extracellular
signal-regulated kinases, ERK) pathways. Both pathways can stimulate cell survival through activation of
antiapoptotic substrates (green) such as CREB, HSF-1, IKKa, and NFKB transcription factors involved in
cell survival. PI3K activation of Akt can also lead to inhibition of proapoptotic substrates (red) as GSK3p,
Bad, FKHLR, p53, caspase-3, and caspase-9. The proapoptotic agent GSK3 acts by promoting actions of
both nuclear and mitochondrial p53, which lead to release of cytochrome C and caspase-3 activation.
Although GH-R—mediated cell survival pathways remain more uncertain (as indicated by question marks),
we have included potential pathways as recent data indicate that GH may activate at least the PI3K/Akt
pathway at the skeletal muscle (for review, see [211]). Another recently shown possibility in a preadipocyte
cell line is that GH-R cross-activates the IGF-I-R directly via JAK-2[195]. These possibilities remain
unproven for the CNS, but likely some of these mechanisms may be active and explain the manifold
interactions in the effects of GH and IGF-I in the brain. Abbreviations: PI3K (phosphoinositide-3 kinase),
MAPK (mitogen-activated protein kinase), Erk (extracellular signal-related kinase), CREB (cAMP-response
element binding protein), HSF-1 (heat shock factor 1), IKKa (I-kappa-B kinase-alpha), JAK-2 (Janus kinase
2), NFKB (nuclear factor kappa B), GSK3p (glycogen synthase kinase kinase 3 beta), FKHLR (forkhead
transcription factor). MEK is an MAP or ERK kinase (also known as Mitogen-activated protein kinase
kinase, MAPKK). Ras, a GTB-binding protein, the gene origainlly named after rat sarcoma. Raf=Ras-
activating factor.

protective (cell survival) and regenerative (cell genesis). Both processes could then improve the final
functional outcome after an injury.
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Growth Hormone

Only a limited number of studies have addressed possible neuroprotective effects after administration of
GH. When administered subcutaneously to neonatal and juvenile rats in high doses, a neuroprotective effect
was observed[115,158] accompanied by antiapoptotic actions[202]. However, when GH was given
peripherally, in lower and more physiological doses, no statistically significant neuroprotective effects were
achieved in rats[124]. It appears that GH treatment spares neuronal loss after HI injury primarily
in the frontoparietal cortex, hippocampus, and dorsolateral thalamus, but not in the striatum. The spatial
distribution of the neuroprotection by GH correlates with GH-R distribution, but not with the IGF-I-R
distribution[158]. This indirectly indicates that the neuroprotective effects of GH may be mediated through
activation of the GH-R without involving the IGF-I-R, thereby implying that GH has neuroprotective
effects per se. It thus appears that GH has some neuroprotective effects on its own, independent from IGF-1.

GH vs. IGF-I Effects

IGF-I has been studied more extensively than GH in terms of adult brain cell proliferation and cellular
differentiation. The most important reason for this is that whenever GH is given systemically, IGF-I will
also be released into the circulation from the liver[19] and be produced locally in the brain[19,80,163].

Therefore, different approaches are needed to study different aspects of the effects of GH and IGF-I on
the brain. First, studies of short-term effects of GH may often be specific for GH because IGF-1 would not
have had time to be induced. However, that reduces the time window for studying acute effects of GH (less
than hours). A second alternative is to study GH (also inducing liver IGF-I systemically) and IGF-I (slightly
decreasing systemic GH due to feedback inhibition) treatments and compare their relative effects[83]. If this
is done in hypophysectomized rats, IGF-I treatment will not cause a feedback inhibition of systemic GH as
it is already depleted[133]. In this way, a more distinct IGF-I response can be compared to the combined
effect of IGF-I and GH, which is the effect of GH treatment. The third way to study the effects of GH
would be to use antibodies or other IGF-I blockers. A fourth approach would be to use transgenic
constructs, either disrupting liver IGF-I or brain IGF-I functions or both. Liver IGF-I knockout mice are
available, but to our knowledge they have not been used for assessing GH effects. A fifth approach is to use
transgenic constructs with disrupted GH signaling, as for example GH-R disruption[200] or SOCS-2
disruption[169,200], preferably in adult conditional transgenic animals. However, at present, there is only
one liver-IGF-I conditional adult or young adult knockout animal model[125,196].

In summary, distinguishing the effects of GH and IGF-I on the brain is an important but difficult task,
especially in the light of potential cross-activation of the receptors (as suggested in Fig. 3). Different
conditional transgenic constructs may potentially aid these investigations.

Miscellaneous Effects in the Adult Brain

Neurotransmitters

As GH is reportedly known to exert effects on the brain, one line of research has sought to evaluate how
neurotransmitters and neurotransmitter receptors are affected. Altogether, it appears that GH, and to some
extent IGF-I, affects most of the major neurotransmitter differently in several brain regions, including the
monoamine (serotonin, noradrenaline = norepinephrine) system, the dopaminergic system, the
glutamatergic system (at least at the receptor level), the opioid system, and the cholinergic system.
Interestingly, it has been shown that GH affects the monoamine levels within 15 min after
intraperitoneal administration in rats[7] and its effects are different in normal and hypophysectomized rats.
In normal rats, GH decreases the levels of both 5-hydroxyindoleacetic acid (5-HIAA) and norepinephrine in
the diencephalon and brainstem, without affecting telencephalic concentrations. In hypophysectomized rats,
however, GH produces significant elevations of norepinephrine and 5-HIAA levels in all brain regions[7].

64



Aberg et al.: GH-IGF- in the CNS TheScientificWorldJOURNAL (2006) 6, 53-80

Similarly, bGH transgenic mice evidence increased tissue levels of serotonin and 5-HIAA acid in several
brain regions[126]. Although the two experimental paradigms, using replacement treatment or chronic
overexpression of GH, are difficult to compare directly, they nevertheless show similarities with respect to
the serotonin system. However, these results do not extend to analysis of human CSF as the norepinephrine
metabolite 3-methoxy-4-hydroxyphenyl-ethylene-glycol and the serotonin metabolite 5-HIAA are not
affected after GH treatment[68]. The different results of the monoamine metabolites may be due to the only
partial communication existing between the CSF and the brain parenchymal extracellular fluid since the
CSF is usually reabsorbed via the subarachnoid villi or to a minor degree drained via the brain lymphatic
system (see section on “GH and IGF-I and the Blood Brain Barrier”).

GH has been shown to affect the dopamine system in several ways. First, it reduces dopamine (DA)
release in the rat subependymal layer and median eminence after intravenous administration[14]. This was
interpreted as underlying the feedback loop of GH on its own release by reducing DA synthesis and release
in the median eminence leading to increased somatostatin release[14]. Second, bGH transgenic mice display
decreased DA levels in the brain stem and decreased levels of the DA metabolite 3,4-dihydroxyphenylacetic
acid in the mesencephalon and diencephalon. The altered DA levels may be a neurochemical correlate of
the altered spontaneous locomotor activity. The prolonged increased spontaneous locomotor activity may,
in turn, reflect a disturbed habituation process, as that locomotor activity normally should decrease after
some time[126]. Similarly, dopamine metabolite homovanillic acid decreases in the CSF on GH treatment
in GH-deficient humans[68].

The glutamatergic receptor system is present throughout the brain in both neurons and astrocytes. Three
major types of receptors are known, one of these being the NMDA receptor. The NMDA receptor subunits
NR1 and NR2B are thought to be involved in memory formation in the hippocampus. Therefore, it is
interesting that GH appears to affect these transcripts. GH treatment in young adult hypophysectomized rats
decreases the hippocampal mRNA expression of NR1, but increases the NR2B subunit[166], whereas in
elderly rats, GH increases both the NR1 and NR2A transcripts. Similar results have been obtained with
IGF-I therapy[213]. The results are particularly interesting as it appears that the ratio of NR2B to NR2A
mirrors the potential for synaptic plasticity. However, there remains much to be investigated due to
complexity of the glutamate receptor system, involving several additional subtypes of receptors, different
expression in both cell type—specific and layer-specific fashion, and brain region heterogeneity.

GH treatment of GH-deficient humans slightly decreases the CSF vasoactive intestinal peptide (VIP)
and increases CSF immunoreactive beta-endorphin[68]. Presumably, this is one possible correlate of the
state of well being associated with GH treatment in these patients[68]. Often, an increase in a given agonist
is reflected in an inverse decrease in the corresponding receptor density. This is likely the case with beta-
endorphins and one of their receptors the delta-opioid receptor. On GH treatment in hypophysectomized
rats (known to increase beta-endorphins), a two- to threefold down-regulation of delta-opioid receptor
densities in the cerebral and cerebellar cortex is observed[186]. Somewhat surprisingly in the Johansson
study, there were no significant changes in the CSF concentrations of other parts of the opioid system, such
as in the enkephalins and dynorphin A[68]. Neither were gamma-aminobutyric acid, somatostatin, or
corticotropin-releasing factor affected[68]. However, as mentioned, it is difficult to compare different
methods and experimental paradigms (see also section on “GH and IGF-I and the Blood Brain Barrier”).
Furthermore, the results may also be influenced by the fact that some of the neuropeptides are thought to be
sensitive to correct handling and analysis (personal communication by Prof. Fred Nyberg, Uppsala
University and Dr. Jan-Ove Johansson, Géteborg University).

Finally, it appears that the cholinergic system has functional links with GH and IGF-I. First, it seems
that functional stimulation of muscarinic transmission by the cholinesterase inhibitor pyridostigmine may
enhance GH release from the pituitary under certain conditions[33,44]. Second, IGF-I affects potassium-
evoked acetylcholine (ACh) release in tissue slices of the adult hippocampus and cerebral cortex. In slices
from the adult hippocampus, IGF-I decreases the release of ACh[25]. In slices of the adult cerebral cortex
(parietal), however, IGF-I appears to increase the release of ACh at a defined concentration window[59].
Likely, much of the effect in the slices from the cerebral cortex was mediated by the N-terminal tripeptide
of IGF-I: glycine-proline-glutamate (GPE), because this substance enhanced ACh release to a greater
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degree and truncated IGF-I (i.e., IGF-I without the N terminal tripeptide GPE = des-IGF-I) had no effect on
ACh release[59].

In summary, there is plenty of evidence that GH and IGF-I affect several of the major neurotransmitter
systems. Many of these effects act directly via neurons and can be observed after only a short exposure.
However, some of these effects also interact with the other main cell types of the brain, the glial cells, as
will be touched on below.

Intercellular Communication in Astrocytes

In recent years, astrocytes (see Fig. 1) have gradually attracted more interest as being active participants in
brain energy metabolism and in regulating the synaptic efficacy by, for example, modulating glutamate
neurotransmission at the synapse (for review, see [174]). One of the specialized functions of astrocytes that
enables the cells to perform these processes is the functional syncytium that couples astrocytes to each
other. These are made up of intercellular pores between the astrocyte cell membranes that allow the cells to
transmit low molecular (<1000 Da) compounds from cell to cell for quite some distances. Sometimes this
ability of communication is referred to as an “astrocyte syncytium”[15,30]. The intercellular pores are
structurally organized as gap junctions made up of two sets of hexameric connexin proteins. In the adult
brain, astrocytes almost exclusively express the subtypes connexin30 and connexin43, while some neurons
express lower amounts of connexins (for review, see [197]). It appears that GH and IGF-I affect the
abundance of connexin43. In vivo, systemic GH increases connexin43 in hypophysectomized rats, while
systemic IGF-I does not[133]. In vitro, IGF-I increases both connexin43 protein and intercellular
communication of astrocyte cultures, while GH does not[172]. The results have significance from two
perspectives (for review, see [204]). First, the GH and IGF-I system appears to be involved in the astrocyte
communication system, which probably reflects parts of the neurocognitive effects of GH and IGF-I
(especially considering the functional neuron-glia synaptic interplay). As several of the neurotransmitters
(e.g., glutamate, aspartate[16]) and glucose[40] may be taken up by astrocytes and can pass from astrocyte
to astrocyte via gap junctions[11], there is here a potential of a further level of complexity in transmitting
signals in the CNS. Second, the results indicate that local brain IGF-I may mediate effects of systemic GH
in terms of astrocyte expression of connexin43. However, further studies are needed to elucidate the exact
roles of local and systemic GH/IGF-I with regard to gap junctions in the brain.

Energy Metabolism in the Brain

In the brain, both astrocytes and neurons take up glucose from the bloodstream via endothelial cells at the
BBB. From there, glucose is transported either by diffusion or active transport into the brain parenchyma.
However, only astrocytes have the ability to both store and break down glycogen and form lactate[94] and
transport either glucose[81] or lactate[86] intercellularly by gap junctions, and thus direct the supply of
energy to neurons. One estimation of brain energy expenditure in gray matter states that about 85% of
energy is used by neurons[199]. However, in situations with high activity, neurons preferentially feed on
lactate, which is produced by astrocytes from glucose and glycogen in response to neuronal glutamate[199].
Interestingly, the IGF-I system appears to affect glucose metabolism in brain cells by several mechanisms.

First, under different conditions, IGF-I appears to enhance glucose utilization in both ependymocytes
(see Table 1 and Fig. 1) and neurons. IGF-I appears to stimulate ependymocyte glucose uptake ten times
more potently than insulin, likely via the glucose transporter GLUT1[203]. Also, neurons may take up
glucose in response to IGF-I, as 2-Deoxy-d-[1-(14)C]glucose is significantly reduced in synaptosomes
prepared from IGF-I -/- brains, and the deficit is overcome by IGF-I[136]. Moreover, astrocytes appear to
be affected by IGF-I with respect to glucose uptake, at least transiently under development[40].

Second, one of the mechanisms for the neuroprotective and antiapoptotic effects of IGF-I may be that
of enhancing glucose uptake in neurons exposed to glucose deprivation[201]. Also, the enhanced glucose
uptake ability into brain cells, in addition to stimulating the IGF-I system, may be one of the mechanisms
by which estradiol acts in a neuroprotective manner[152]. For example, it was shown that estradiol
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treatment induces a two- to fourfold increase in GLUT3 and GLUT4 mRNA (mainly expressed in neurons)
levels and lesser, but significant, increases in GLUT3 and 4 protein levels. Estradiol treatment also induces
an approximately 70% increase in parenchymal GLUT1 mRNA levels (capillaries and glial cells), but does
not appreciably affect vascular GLUT1 gene expression. Furthermore, IGF-I mRNA levels have been found
to significantly increase in estradiol-treated animals, but IGF-I receptor mRNA levels were not altered by
hormone treatment[152]. Interestingly, it appears that IGF-I may restore the loss of glucose utilization that
occurs in the aging brain. Administration of IGF-1 to aged animals has been found to increase rates of
glucose utilization by 11-14% in the anterior cingulate of the cortex, CA1 region of the hippocampus, and
the arcuate nucleus of the hypothalamus|[156].

Altogether, it appears that IGF-I affects glucose metabolism in both astrocytes and neurons in the adult
brain. However, more data are needed to clarify the exact mechanisms with regard to functional parameters
such as learning. On these lines, it will be interesting to await data as to whether GH has any direct effects.
To our knowledge, no study has addressed this issue to date.

Neuronal Dendritic Arborization — Electrophysiology

Both episodic (= declarative including verbal, conscious) and nonepisodic (= nondeclarative including
nonverbal, habitual, and usually nonconscious) memory imprinting is largely attributed to neuronal synapse
remodulation described both by electrophysiological events and by structural plasticity of axonal-dendritic
arboreal trees. In terms of electrophysiology, especially long-term potentiation (LTP) of synaptic strength is
thought to mirror memory imprinting, e.g., both in the hippocampus and in the cerebellum.

GH and IGF-I appear to affect neuronal dendritic tree complexity as well as electrophysiological
aspects of neuronal function. IGF-I affects dendritic arborization during the development of
cerebellum[89,182] and in the developing adult cerebral cortex studied by in situ slice preparations[140] or
by different models of IGF-I deficiency[17,177]. In mice with IGF-I overexpression, synaptic densities per
neuron increase continually with postnatal age in the hippocampus[141]. GH also appears to affect neuronal
dendritic branching in the cerebral cortex. Transgenic mice that are either GHR -/- (hypo-responsive to GH)
or SOCS2 -/- (hyper-responsive to GH) both show sparser dendritic branching of pyramidal neurons in the
cortex compared to wild type mice[200]. This would somewhat surprisingly indicate a similar effect on
dendritic branching in a situation with either excess or lack of GH signaling. However, the phenomenon
with a similar effect of GHR -/- and SOCS-2 -/- did not extend to other parameters in the same study (e.g.,
astrocyte and neuron numbers[200]), and the effect may have been secondary to other factors (e.g., not
correcting for more neurons in the GHR -/- mice). In addition, as in many other studies, the effect may have
been due to IGF-I alterations. The effect of the GH-IGF-I system on dendritic arborization may also have
links to the environment as relatively similar and corresponding findings are described after living either in
a deprived environment[26] or in an enriched environment[18].

IGF-I has also been administered in a few studies evaluating different electrophysiological responses. In
the hippocampus, des-IGF-I has been shown to increase the field excitatory postsynaptic potential (fEPSP)
slope, appearing to be mediated through a postsynaptic mechanism involving alpha-amino-3-hydroxyl-5-
methyl-4-isoxazolepropionate (AMPA), but not NMDA receptors[218]. Similar effects of IGF-I application
have been shown on brain-stem neurons[184]. In the cultures of the developing cerebellum, however, the
electrophysiological response by IGF-I on Purkinje cells was scarce, although dendritic arborization
outgrowth was clearly stimulated by IGF-I application|[180].

In summary, it appears that both GH and IGF-I affect synaptic function either ultrastructurally or by
electrophysiological means. However, in this regard, IGF-I has been studied more and it mostly remains to
be investigated whether GH affects ultrastructural and functional synaptic formation independently from
IGF-1.
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Cerebral Blood Flow

Neuronal cerebral function is dependent on glucose and on instant continuous oxygenation, both supplied
by an uninterrupted blood flow. Cerebral blood flow is relatively easy to study both as a functional
parameter, but also in terms of ultrastructural angiogenesis.

It appears that both GH and IGF-I are associated with angiogenesis/blood flow in various areas of the
brain. GH treatment increases cerebrocortical arteriolar density in aged rats and, interestingly, the density
was correlated to serum-IGF-I levels[92]. In addition, IGF-I increases BrdU-lectin brain vessel density in
the cerebellum and hippocampus[196]. There are also some findings that indirectly suggest that IGF-I
actually increases cerebral blood flow. First, it has been shown that cerebral arteriolar resistance is
decreased by IGF-I in short-term treatment[87]. Second, the same study reported a nonsignificant trend
towards an increase in cerebral blood flow[87]. Furthermore, in a study of an elderly human cohort with a
high serum-IGF-I, there was an association with an increase in cerebral blood flow in the left premotor
cortex (for recalling easy items) and left dorsolateral prefrontal cortex (recalling difficult items) compared
to a low serum IGF-I cohort[207]. Collectively, studies on animals and humans indicate that GH and
IGF-I have effects on both angiogenesis and cerebral blood flow.

FUNCTIONAL ASPECTS OF GH-IGF-I IMPACT ON THE BRAIN
Aging

The GH-IGF-I system clearly appears to have significance in the aging brain. The increase of IGF-I on cell
genesis, including neurogenesis, continues well into middle age[141] and senescence[155]. The serum IGF-
I also appears to have a correlation to cognitive memory capabilities in elderly people[87] and in aged
animals[101]. Furthermore, GH-IGF-I increases glutamate receptor densities in aged rats[145,166] and
there is evidence that GH-IGF-I may ameliorate age deficits in glucose utilization[156] and cerebral blood
flow[92,207]. Altogether, GH-IGF-I probably continues to affect the aging brain positively. It will be
exciting to await forthcoming studies showing when and where there is a benefit to treat elderly patients.
From this perspective, it has been argued that the age-related decrease in GH release (=somatopause) per se
would not be an indication for GH treatment[130]. Also, the recent reports that GH is illegally used as an
antiaging agent[217] have weak scientific support. Instead, extended use of GH likely shortens life-span as
indicated by experiments with transgenic mice[175,208]. The discussion of the pros and cons of GH
treatment for use in elderly patients must instead take into consideration that there may be subgroups of
patients that would benefit from GH administration for defined periods of time.

Stress, Depression, Sleep

Indirect evidence supports the notion that stress and depression inhibit neurogenesis in the adult
hippocampus. There seems to be a complex relationship during depression, with increased glucocorticoids,
decreased serotonin, and subsequent decreased hippocampal neurogenesis[165]. The inhibitory effects of
depression on granule cell production may be prevented by serotonin 1A receptor agonists[112,139].
Depression also decreases the normal GH secretion peak at night[103] and a serotonin antagonist could
mimic the effects, causing a significant decline in serum GH concentration[9]. Moreover, serotonin has
been shown to stimulate IGF-I release in different non-neural cell systems[91,118]. Hippocampal atrophy is
found in humans with (1) Cushing syndrome, which is characterized by a pathological hypersecretion of
glucocorticoids; (2) episodes of repeated and severe major depression, which are often associated with
increased levels of glucocorticoids; and (3) post-traumatic stress disorder (for reviews, see [143,157]).
Thus, it may be that, as in rodents, prolonged stress or prolonged exposure to glucocorticoids has adverse
effects on the human hippocampus and probably depresses memory capacity[193].

In depression, both the decreased peak serum level of GH (after sleep onset[21,103]) and the frequently
increased serum glucocorticoid levels[143] may likely result in decreased IGF-I levels. Reduced IGF-I may
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be part of the biochemical cascades occurring in association with depression. This is supported by a study
of intracerebroventricular administration of IGF-I that mimics the behavioral response of serotonin reuptake
inhibitors agonists[212]. These effects may be due to the shared ability of either IGF-1[132,159] or
serotonin[105,183,189] to increase hippocampal neurogenesis. Furthermore, in vitro, serotonin has been
reported to activate IGF-1 synthesis[154] as well as brain-derived neurotrophic factor (BDNF)[167].
Although the definite causality of depression and hippocampal plasticity and neurogenesis is unclear,
present data suggest there is a coupling that perhaps is also mirrored in the burnout syndrome[193].

Another area in which GH secretion has been investigated is sleeping patterns. It appears that in men
suffering from major depressive illness, GH is hypersecreted during wakefulness and the major pulse occurs
before sleep onset[21] and with considerabe reduction of peak serum concentration[103]. It is not known
whether the altered GH response per se exacerbates or is only a cause of the frequently occurring sleeping
disturbances in these patients. However, regardless of causality, it appears that treating with GH affects
sleeping quality. For example, on GH treatment in GH-deficient patients, normalized sleeping times and
increased rapid eye movement (REM) sleep were observed, whereas delta-wave sleep was unchanged[29].
Also, there have been observations of a linear relationship between the amount of slow wave (stage 3 and 4)
sleep and the amount of concomitant GH secretion. Moreover, during aging, slow wave sleep and GH
secretion decrease exponentially and with the same chronological pattern (for review, see [146]). These
authors speculate that GH secretagogues should be used to restore GH pulsatility to normalize sleeping
patterns in the elderly. In summary, it appears there is a link, perhaps even causal, between GH secretion
and sleep. In some aspects, the relationship GH and sleep unsurprisingly touches on other issues, such as
exercise, depression, and aging.

Exercise

Exercise leads to increased serum levels of GH and subsequent increased IGF-I levels in serum and also in
the brain[135,137]. Exercise has been shown to increase neurogenesis[128,129]. Indeed, circulating IGF-I
has been shown to mediate such an effect[159]. Exercise by running in a wheel enhances the number of
BrdU-labeled cells in the SGZ of the dentate gyrus in the rat hippocampus. This effect is probably not due
to environmental stimulation as that process per se mainly affects survival of newborn cells and not
proliferation[88,121]. Exercise is associated with a sensation of well being and this subjective state has been
objectively quantified with psychometric, cardiovascular, and neurophysiological data. Cortisol and beta-
endorphin levels increase transiently after exercise although the cortisol level has been shown to be below
baseline hours after the exercise, which may indicate a lower stress level[76]. Correspondingly, blocking
opioid receptors during exercise partly decreases the positive effect of exercise on hippocampal
neurogenesis[198]. Exercise alone is also known to increase angiogenic activity in the adult rat cerebellum
and hippocampus[46,196]. It may be that exercise, via running, influences neurogenesis by a common
source of a vascular intermediate (stimulating both neurogenesis and angiogenesis), where the initial
proliferative response in the SGZ could be caused by exercise-elevated peripheral factors, e.g., vascular
endothelial growth factor-A (VEGF-A) or

IGF-1]71,116,132,135]. Another factor, in addition to IGF-I[159], that increases in the hippocampus after
exercise is fibroblast growth factor-2 (FGF-2), which is a well-known mitogen of adult neural
progenitors[99]. Importantly, exercise has been shown to elevate markedly both serum bFGF[137] and local
hippocampal bFGF[99]. There are important interactions between IGF-I and FGF-2, as FGF-2 has been
shown to increase IGF-I receptors and IGF-binding proteins[36,48], and IGF-I in vitro has been shown to
potentiate the effect of FGF-2 on progenitor proliferation[171]. The effect of exercise (causing an increase
in circulating IGF-I) on learning appears to be consistent with a transgenic model of Alzheimer’s disease.
Five months of voluntary exercise resulted in a decrease in extracellular amyloid-beta (A-beta) plaques in
the frontal cortex and the hippocampus, as well as in an enhancement in the rate of learning in the Morris
water maze, with significant reductions in escape latencies over the first trial days[206]. Interestingly,
recent data indicate that the decrease in A-beta may be mediated by IGF-I via the endocytic receptor
megalin/low-density lipoprotein receptor-related protein-2 (LRP2), a multicargo transporter known to
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participate in brain uptake of A-beta carriers[210]. It appears from these experiments that megalin mediates
both IGF-I-induced clearance of A-beta, as well as being involved in IGF-I transport into the brain.

Altogether, exercise affects the CNS via multiple mechanisms. Both serum IGF-I and possibly local
IGF-I appears to be involved in these processes, while GH has only been studied indirectly via IGF-1. The
effects of exercise on the CNS via the elevation of IGF-I has some (but not all) features in common to the
effects of GH and IGF-I on learning and memory, which is the subject of the next section.

LEARNING AND MEMORY

GH and IGF-I treatment improves cognitive function in several ways, as shown both in animal experiments
and in humans. It appears that GH improves self-reported well being[66], as well as short- and long-term
memory in GH-deficient young adults[97], and probably in elderly people (for review, see [147]). Likely,
part of the effect is mediated by IGF-I, as indicated by a recent study of an elderly group of humans. A
high-serum IGF-I was associated with a significant increase in cerebral blood flow in the left premotor
cortex during a working memory test (for easier items) and in left dorsolateral prefrontal cortex (for more
difficult items), as measured by positron emission tomography[207]. Similarly, both GH[70,73] and IGF-
I[101] improve performance in different tests for either short- or long-term memory in rodents. Also, it may
be that learning per se enhances local brain IGF-I, such as has been shown for BDNF (for review, see
[188]). However, to our knowledge, it is unknown whether locally produced GH or IGF-I are increased in
the hippocampus after learning.

Demand of Memory Capacity — A Neuroendocrinological View

Could there be a physiological interplay between exercise and learning? Why or how would exercise, likely
via circulating IGF-I, induce plastic events in the hippocampus? One explanation could be adaptations to
the seasonal variation in access to food. During periods when it is difficult to find food, rodents have to run
longer distances to find food and return to the nest, both requiring enhanced memory imprinting of their
paths. As a result, when rodents increase their territory size for seeking food, they need enhanced spatial
memory. The link to increased physical activity would increase GH and IGF-I levels, and thereby cell
genesis and other aspects of plasticity and spatial memory. This assumption is supported by a study of wild
meadow voles, where females, captured during the nonbreeding season while seeking food, had higher rates
of cell genesis in the GCL and hilus of the dentate gyrus than did those captured during the breeding
season[111]. In contrast to females, the male meadow voles increase their territory size during the breeding
season. While the GCL was unaffected in cellular proliferation during the breeding season, the hilus region
exhibited a great increase[111]. The authors evidenced associations to serum estradiol and testesterone
levels in females and males, respectively, but we would like to speculate that GH/IGF-I was also mediating
these effects, possibly secondary to a gonadal hormone concentration change. In addition, estradiol
synergizes the effect of IGF-I on increasing cell genesis in the hippocampus, whereas it appears to have no
effect on its own[185]. Barnea and Nottebohm also found a seasonal change in the number of neurons
produced in the hippocampus of canaries that was related to territory size[60]. Thus, it is likely that
increased exercise in rodents during food seeking would enhance circulating IGF-1 that reaches the
hippocampus[159] and subsequently increases neurogenesis and learning and spatial navigation in a
dynamic manner. It is tempting to speculate that the corresponding phenomena may be active in the primate
and human brain as well. A human correlate to a demand of increased spatial navigation may partly be
discerned in a study that was presented a few years ago of London taxi drivers. The MRI scans of the taxi
drivers showed that the posterior hippocampus, which is believed to store a spatial representation of the
environment, was significantly larger and correlated to the number of years of service of the taxi
drivers[138]. It appears that adult cell genesis and other events of brain plasticity would account for these
macrostructural trophic increases in hippocampal volume.
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SUMMARY AND CONCLUSION

Peripheral circulating or exogenous administration of IGF-I to the adult brain affects both proliferation,
cellular differentiation, and various plasticity-related processes in several regions of the brain. Importantly,
IGF-I enhances adult neurogenesis in the hippocampus and increases oligodendrocyte recruitment of
newborn cells in the hippocampus. The neuroprotective role of IGF-I has been studied for a number of
years and is now established. The findings summarized in this paper extend the role of IGF-I as a putative
regenerative agent in the adult CNS. In addition, other important mechanisms by which GH and IGF-I act
on the brain are via several neurotransmitter systems, via astrocyte intercellular communication, via glucose
energy metabolism, neuronal dendritic ultrastructure, and cerebral blood flow. These processes seem to be
involved in various functional aspects of brain function, such as aging, stress, exercise, and learning.

GH and IGF-I have many effects in common, but there are also data suggesting some differences.
Perhaps these differences will prove to be more significant in short-term treatments, since at that point
secondary elevations in IGF-I would still not have come into effect.

The different mechanisms of action of GH and IGF-I, the discrimination of effects between GH and
IGF-1, and whether local or systemic GH and IGF-I dominates are important areas of research; however,
perhaps even more important is whether these substances can be implemented in the treatment of various
diseases. For clinical purposes, GH is today mostly used in substitution treatments in patients with various
kinds of insufficiency. IGF-I has not previously been tried in these situations, probably because of adverse
effects (e.g. hypoglycemia) in animal experiments. From a theoretical point of view, these obstacles should
be mostly a question of suitable administration, either by an appropriate systemic administration or even by
supplying IGF-I intrathecally. Intrathecal administration of IGF-1 or GH could be an alternative in intensive
care situations where neuroprotection would be desirable. In these respects, it will be exciting to see if these
agents can be used in clinical trials as treatment for either neuroprotection or in the regenerative process
after human brain injury.
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