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ABSTRACT

Neurogenesis, a process by which new neurons are generated from precursors, persists in
discrete regions of the adult hippocampus. The hippocampus is critical for learning and
memory and is a main target of Alzheimer’s Disease (AD), which causes massive neuronal
death, reduction in neurogenesis and impairment in cognitive functions. Therefore,
preventing neuronal loss or increasing the production of new neurons may represent a
potential therapeutic strategy to reduce AD-induced cognitive decline. Growth hormone-
releasing hormone (GHRH), apart from promoting growth hormone (GH) secretion from the
pituitary, exerts many extrapituitary functions, including stimulation of cell survival,
cardioprotection and protection against diabetic retinopathy. Furthermore, expression of
GHRH, as well as GHRH receptor (GHRH-R) and its splice variants (SVs), has been
demonstrated in different brain regions, including the cerebral cortex, cerebellum and brain
stem cells. To date, however, the role of GHRH on neurogenesis and neuroprotection is still
unknown. Thus, we aimed to investigate the role of GHRH on viability, proliferation,
apoptosis and differentiation of adult rat hippocampal neural stem cells (NSCs), in stress
conditions such as growth factor deprivation and amyloid-f peptide 1-42 (APi.42)-induced
toxicity, and to define the underlying mechanisms. First, we found expression of pituitary
GHRH-R in NSCs. GHRH dose-dependently increased cell viability and proliferation and
reduced apoptosis in NSCs cultured under both growth factor deprivation and exposure to
APi.42; these effects were blocked by the GHRH antagonist JV-1-36. The underlying
mechanisms involved Gos/cAMP/PKA/CREB signaling, as demonstrated by results
obtained in the presence of specific inhibitors, and phosphorylation of ERK1/2 and
PI3K/Akt. In addition, the role of GHRH was examined on differentiation of NSCs into

neuronal lineages, such as neurons and astrocytes. Interestingly, GHRH increased mRNA



and protein levels of Tujl and GFAP specific marker for neurons and astrocytes,
respectively. Moreover, GHRH counteracted the effect of APi4 on elevation of the
proapoptotic protein BAX and inhibition of the antiapoptotic protein Bcl-2. Finally, GHRH
induced GSK-3f phosphorylation and counteracted the APi-42-induced toxicity through
inactivation of GSK-3p and inhibition of Tau hyperphosphorylation. Collectively, these
results suggest a role for GHRH in preventing neuronal loss and in promoting neurogenesis,
with potential therapeutic application of its agonistic analogs in neurodegenerative diseases,

such as AD.



INTRODUCTION

1. NEUROGENESIS
Neurogenesis is the process by which new neurons are generated from neural stem cells
(NSCs). Since 1944 increasing evidence has been emerging that the adult human brain
contains progenitor cells with the potential to produce neuroblasts !. However, it was not
until 1998 that this fact was confirmed in the adult human brain 2. It has been clearly
demonstrated that the adult mammalian brain retains NSCs that continually generate new
neurons within two restricted regions: the subventricular zone (SVZ) of the lateral ventricles
3 and the subgranular zone (SGZ) of the dentate gyrus in the hippocampus 4. Stem cell self-
renewal and progenitor differentiation are regulated by specialized microenvironment,
called niche, in which these cells reside (Figure 1). The adult neurogenic niche can be seen
as a group of cells and local signals that maintain embryonic character to control
neurogenesis for life. The neuronal diversity is determined by specific gene expression
patterns. The temporal and spatial expression of genes indicate the fate of the neurons, in
different regions and functions of the brain 5. The microenvironment of the niches in
addiction to maintaining the population of stem cells, also orchestrates neuronal
differentiation. Indeed, NSCs are cells in the adult nervous system that can self-renew and
differentiate into all three neural lineages: astrocyte, oligodendrocyte, or neuron. NSCs with
the plasticity to give rise to new neurons and glia play a crucial role in the embryogenesis
and adult neurogenesis 6. To become neuron or glia, cells must receive specific cues to
activate the specific genes. Various cell surface proteins act as cell markers to identify the
different cell lineages and different time-courses 7. Among these, sex determining region Y-
box 2 (Sox2) is an essential transcription factor to maintain self-renewal of undifferentiated

embryonic stem cells. Moreover, Sox2 presenting a high expression in embryonic and adult



NSCs during development and is thought to be critical for NSCs proliferation and

differentiation 8

. Class III B-tubulin (Tujl) is a marker of neurons in the central and
peripheral nervous systems from the early stage of neural differentiation 7. While neuronal
nuclear protein (NeuN) is used as a neuronal differentiation marker of postmitotic neurons
°. Glial Fibrillary acidic protein (GFAP) is an intermediate filament-III protein uniquely
found in astrocytes and non-myelinating Schwann cells. GFAP gene activation and protein
induction appear to play a critical role in astroglia cell activation following central nervous
system (CNS) injuries and neurodegeneration '°

The persistence of hippocampal neurogenesis in the adult brain and its conservation across
evolution, in every mammalian species as well as in many non-mammalian vertebrates,
suggests that these neurons are relevant for the plasticity of the hippocampus and necessary
for biological functions >!'!. Moreover, several studies demonstrate a correlation between the
level of hippocampal neurogenesis and cognition. The regulation of neurogenesis by neural

activity suggests that learning and memory might induce the activation of newborn neurons

and subsequently enhance their survival and incorporation into circuits '?
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1.1 Signaling pathway involved in the regulation of neurogenesis
The activities of immature newborn neurons from both SVZ and SGZ are critical for their
survival, differentiation, and subsequent integration into the existing neural circuits. It has
been demonstrated that proliferation of NSCs increases both in vivo and in vitro in response
to epidermal growth factor (EGF), fibroblast growth factor-2 (b-FGF), brain-derived
neurotrophic factor (BDNF), heparin-binding epidermal growth factor (HB-EGF) and
vascular endothelial growth factor (VEGF) 12, Numerous extrinsic factors and intracellular
pathways have been implicated in regulating adult SGZ hippocampal neurogenesis. BDNF
is a key factor in neurogenesis regulation. The expression levels of BDNF and neurogenesis
are positively correlated 3. These data suggest a role for BDNF signaling in enhancing the
survival of newborn neurons. Several signaling molecules regulate hippocampal
neurogenesis including Wingless-related integration site (Wnt)/B-catenin, Notch, sonic
hedgehog (Shh), bone morphogenetic proteins (BMP), mTOR, growth and neurotrophic
factors and neurotransmitters '*!°, During early neurogenesis the Wnt pathway promotes
self-renewal and maintains neural progenitors. Wnt activates the protein Dishevelled (Dvl)
by phosphorylation and triggers the stabilization of cytoplasmic B-catenin, that inhibits
glycogen synthase kinase 3 f (GSK-3f) activity. B-catenin enters the nucleus and activates
the transcription by displacing the repression of Wnt target genes. It has been demonstrated
that treatment with lithium, one of GSK-3p inhibitor, promotes rat adult hippocampal NSCs
proliferation and neuronal differentiation '¢. In addition to the key roles of the Wnt pathway
during development, it has proved to be important in the adult brain, where it regulates
synapse formation, neurotransmission, plasticity and neurogenesis 7. PI3K/Akt is another
pathway involved in regulating survival and proliferation of adult hippocampal progenitor
1% and PI3K/Akt-mediated inactivation of GSK-3[ through phosphorylation on Ser9 residue
is essential for hippocampal neurogenesis and neuronal survival 7', Moreover, it has been

demonstrated that PI3K/Akt/GSK-3/Wnt pathway promotes hippocampal neurogenesis in



a mouse model of Alzheimer’s disease (AD) '%?. The transcription factor cAMP response
element binding protein (CREB) signaling is another central pathway in adult hippocampal
neurogenesis, regulating the morphological development and survival of new hippocampal
neurons 32122, The maintenance of expression of proteins involved in neuronal development
and the control of neurogenic transcriptional programs are associated with CREB signaling
activation 22, It has been demonstrated that cAMP signaling controls several aspects of
neuronal physiology, such as cell survival and proliferation, neurite outgrowth and
differentiation through a CREB-independent pathway or through activation of CREB
signaling 2!. CREB is usually activated by cAMP-dependent protein kinase (PKA)-induced
Ser133 phosphorylation. However, several other kinases, including extracellular signal-
regulated kinase (ERK)1/2, protein kinase C (PKC), and p38 mitogen-activated protein
kinase (MAPK), regulate CREB activity via phosphorylation, as well ?*. Indeed, ERK1/2
pathway promotes neurogenesis 24, plays a critical role in neuronal cell development in the
hippocampus and promotes progenitor cell differentiation 2.

The potential to regulate human neurogenesis should prove to be an interesting area of
investigation. However, our knowledge is still limited in terms of the molecular mechanisms
underlying cell proliferation, differentiation, survival, and integration during adult

neurogenesis.

2. ALZHEIMER’S DISEASE
During aging a modest decline in neurogenesis occurs in human hippocampus, although
there is substantial neurogenesis throughout life. Aging brain might be caused by loss of
stem cell turnover and by decrease of NSCs proliferation that is known to correlate with a
progressive and extensive decline in the physical and cognitive performance. The reduction
of adult neurogenesis resulting from neurodegenerative diseases is likely to be caused by

selective death of certain neurons and inflammation in diseased brains 4.



Alzheimer’s disease (AD) is a neurodegenerative disease characterized by symptoms such
as loss of memory and language problems, which tend to become more severe in the course
of the disease up to the point in which they interfere with the patient’s ability to perform
daily routine 2. Mouse models of AD indicate that the level of neurogenesis is dramatically
reduced in the early stage of the disease ?’; proliferation and survival of newborn cells are
significantly diminished during its progression. AD is a devastating neurodegenerative
disorder with a relentless progression. AD is thought to be caused by a multitude of
environmental factors whereas aging represents the greatest risk factor 28, The
neuropathological hallmarks of AD include extracellular deposition of amyloid-f peptide
(AP) and hyperphosphorylation of Tau, the earlier events in the formation of neurofibrillary

tangles (NFTs) 262,

2.1 Amyloid-p peptide

The neurotoxic potential of the AP results from its biochemical properties that favor
aggregation into insoluble oligomers and protofibrils *°. Among several A isoforms that
bear subtle differences depending on the number of C-terminal amino acids, AP fragments
(1-42) play a pivotal role in the pathogenesis of AD. Soluble AP fragments, which are due
to overproduction of AP and/or failure of clearance mechanisms, are the primary pathogenic
factor leading to cognitive impairment in AD 3°. An imbalance between production,
clearance, and aggregation of peptides, causes the accumulation of AP and this excess may
be the initiating factor in AD. This theory is called the “amyloid hypothesis™ 3!,

AP is generated by the proteolytic cleavage of the amyloid precursor protein (APP), a
transmembrane protein of uncertain function, possibly involved in the synaptic plasticity .
APP undergoes proteolytic cleavage through two mechanisms. The first mechanism, called

non-amyloidogenic, involves a first cleavage by the a-secretase enzyme, that determines the

generation of a soluble secreted fragment, and 83 amino acids long fragment defined sAPPa,



and C83 fragment, respectively. C83 fragment remains bound to the cell membrane and then
undergoes a further proteolytic cleavage by the y-secretase enzyme that produces the p3
fragment, also secreted in the extracellular environment. After these two consecutive cuts,
the intracellular domain of APP, called amyloid intracellular domain (AICD), remains in the
cell membrane 3!3, The second cleavage mechanism of APP, defined as amyloidogenic
process is initiated by P-secretase B-site amyloid precursor protein—cleaving enzyme 1
(BACE-1) that cleaves a membrane-anchored, releasing a APPP. The retained 99-residue
carboxy-terminal fragment (C99) is a y-secretase substrate, generating A and AICD. y-
secretase cleavage occurs within the cell membrane in unique process termed “regulated
intramembranous proteolysis” *!3* (Figure 2). AICD is a short tail (approximately 50 amino
acids) that is released into the cytoplasm after progressive cleavages by y-secretase. AICD
is targeted to the nucleus and activates transcription whereas soluble AP is prone to
aggregation 3. AP fragments and plaques are potent neurotoxic, block proteasome function,
inhibit mitochondrial activity, alter intracellular Ca?" levels and stimulate inflammatory
processes. Loss of the normal physiological functions of AP is also thought to contribute to
neuronal dysfunction. Among several AP isoforms, characterized by a different number of
amino acids, the APi.4> fragment plays a pivotal role in the pathogenesis of AD. In fact, this
is the most amyloidogenic fragment due to its B sheet folding that is poorly degradable and

that determines the generation of fibrils and subsequently of the neural plaques %4,

2.2 Tau protein
Tau is an intracellular protein with multiple functions. It is thought to have a role in binding
microtubules, axonal transport, signaling pathways modulation, and neurogenesis in adults.
In physiological conditions Tau protein is present in neurons associated with microtubules
but post-translational modifications, such as phosphorylation, may lead to accumulation of

NFTs and toxic species of soluble Tau 23, Often, these insoluble aggregates of Tau protein
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are complexed with ubiquitin which represents the attempt by neurons to degrade the
aggregates. The lost association between the Tau protein and microtubules impairs the
stability of microtubules and this leads to alterations in all the functions carried out by
microtubules, including the axoplasmic transport, the transport of proteins from the soma of
the neuron to the axon *° (Figure 2). Studies have shown that the density of NFTs is directly
correlated with the alterations of the neurons and thus with the progressive worsening of

dementia 3°.
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2.3 Alzheimer’s disease and neurogenesis

AP interacts with the signaling pathways that regulate the phosphorylation of the
microtubule-associated protein Tau . AP fragments indirectly affect the activity of
phosphatases and kinases, in particular GSK-3B '>%7. In concert, they orchestrate an
increasing phosphorylation of protein Tau typical of AD etiopathology. In this manner,
GSK-3f activity contributes both to AP fragments production and AB-mediated neuronal
death. Over production of AP fragments and the consequent appearance of amyloid plaques
cause an overall reduction in the number of adult-generate hippocampal neurons,
compromising the replacement in the adult hippocampus .

The physiological relation between AP and Tau is not clear in normal brain, while their
pathological relation is evident in AD brain, although complicated and still largely to be
clarified. These two proteins and their associated signaling pathways therefore represent
important therapeutic targets for AD 4. Furthermore, in attempt to identify early diagnostic
and prognostic markers for this disease, the release of many neurotrophic factors was found
to be altered. It was recently reported that BDNF fluctuated according to AD severity and
correlated with loss of cognitive function, suggesting that BDNF plays a role in synaptic loss
and cellular dysfunction underlying cognitive impairment in AD '3

As AD is a neurodegenerative disorder, early symptoms are often mistakenly thought to be
“age-related”. In the early stages, the most common symptom is short memory loss. As the
disease advances long-term memory loss occurs as one of visible markers of CNS profound
alteration that involved different brain regions. In particular, dentate gyrus of the
hippocampus is especially vulnerable to damage at early stages of AD and has been
implicated to contribute to the formation of new memory through the birth of new neurons
in SGZ area *. Furthermore, strong connection between mnemonic functions and increased
neurogenesis has been found in the adult human hippocampus, indicating a correlation

between the level of hippocampal neurogenesis and cognition 2,
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Considering these findings, the production and the plasticity of new neurons may have an
important role in some hippocampal functions. Moreover, increased neurogenesis might be
able to ameliorate hippocampal dependent learning performance and memory retention in
AD 2, The interrelationship between neurogenesis and hippocampal cognition restoration
seems to be a fascinating area of research and a promising starting point for AD therapeutic
approach. Therefore, further studies are needed to test whether impaired SGZ neurogenesis

can represent a pivotal component for the pathophysiology of AD.
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3. GROWTH HORMONE-RELEASING HORMONE (GHRH)

Growth hormone-releasing hormone (GHRH) is a neuropeptide secreted by hypothalamus
that regulates the synthesis and secretion of growth hormone (GH) from the anterior pituitary
gland *%. GHRH was first identified in 1961 and then successfully isolated in 1982 from
carcinoid and pancreatic tumors causing acromegaly *#°. The peptide isolated from the
tumors was identical, at the biological and physical-chemical level, to the GHRH present in
hypothalamic tissue extracts, but only later it was also identified and characterized in the
hypothalamus #'. GHRH belong to the secretin family of peptides that includes vasoactive
intestinal peptide (VIP), pituitary adenylate cyclase activating peptide (PACAP), secretin,
glucagon, glucagon-like peptides-1 and -2 and gastric inhibitory peptide (GIP) *2.
Evolutionarily, GHRH is relatively well conserved with homologs being identified in rats,
chicken and fish **. GHRH is a hormone consisting of 44 amino acids; the first 29 are
necessary for the release of GH. It is amidated in the C-terminal position in many species,
including human, but not in rodents **. Human GHRH gene is localized on the long arm of
chromosome 20 in humans, on chromosome 2 in mice and on the long arm of chromosome
3 in rats **. The gene is organized into 5 exons and encodes for a precursor protein of GHRH
(pre-pro-GHRH). Bioactive, mature human GHRH consists of 40—44 amino acids following
complex proteolytic processing of a larger pre-pro-GHRH peptide in a multistep process.
The shortest sequence of GHRH that possesses full biological activity consists of the 29 N-
terminal amino acid residues (1-29) ** (Figure 3). Structurally, this sequence of GHRH
constitutes the core peptide for the development of agonistic and antagonistic analogs of
GHRH %,

129

1.40
1-44

1-108

MPLWVFFFVILTLSNSSHCSPPPPLTLRMRR YADAIFTNSYRKVLGQLSARKLLQDIMSR QQGESNQERGA RARL GRQVDSMWAEQKQMELESILVALLQKHSRNSQG

Figure 3. The amino acid (aa) sequence of various forms of GHRH. Pre-pro-GHRH aa (1-108) (black line),
the biologically active forms corresponding to aa(1-44) (green line) and aa (1-40) (red line), and the fragment
with full biological activity aa(1-29) (blue line) (Kiaris H., et al., 2011).
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3.1 GHRH receptor
Pituitary GHRH receptor (GHRH-R) is a transmembrane 7-domain receptor coupled to Gas
protein that activates the adenylate cyclase (AC)/cAMP/protein kinase A (PKA) pathway.
Activation of the G-protein complex stimulates AC, which results in the conversion of ATP
to cAMP. The production of cAMP induces an increase of intracellular Ca®* that causes the
release of GH, stored in the secretory granules. Moreover, the increase of cAMP stimulates
the PKA which phosphorylates several transcription factors including the cAMP response
element-binding protein (CREB) *6. GHRH-R, predominantly expressed in the pituitary, has
been demonstrated to be also present in many peripheral tissues and cell types, including
pancreatic B-cells, myocardium, skeletal muscle cells and fibroblasts +>474° but also in
cerebral cortex, cerebellum, and brain stem cells *°. Similarly, GHRH mRNA was found in
several normal tissues including hypothalamus, heart, placenta, the male and female

30.51  Recent

reproductive system, lymphocytes and peritoneal bone marrow-derived cells
studies show that GHRH-R and its alternatively spliced variants (SVs) are also expressed in
different types of tumors, such as pancreatic carcinoma, kidney, ovary, breast, lung, prostate,
and bone 2. SV1 and SV2 show a great similarity to the pituitary GHRH-R; in particular,
they differ in the first three exons that encode for a part of the extracellular domain of the

protein; indeed, SV1 loses the region from the first to the third exon, maintaining the third

intron, which contains a new in-frame start codon 3.

3.2 GHRH/GH/IGF-1 axis
GH is synthesized, stored and secreted in a pulsatile manner by the somatotropic cells of the
anterior pituitary gland, and its release is regulated by three hypothalamic hormones %4,
The first is GHRH, which stimulates GH synthesis and secretion by binding to its receptor

(GHRH-R). The second hormone is ghrelin, a peptide hormone mainly synthesized at the

gastric level but also present in other tissues, including the hypothalamus, which stimulates
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the synthesis and secretion of GH binding to specific receptors #°. Finally, the third hormone
is somatostatin (SS) which, by activating specific receptors on the pituitary gland, inhibits
GH secretion, but not its synthesis *°. Most of the biological effects of GH are indirect and
mediated by insulin-like growth factor-1 (IGF-1), also called somatomedin C, hormone
similar to insulin, which plays an important role in childhood growth and has anabolic effects
in adults. Once produced, IGF-1 is released into the circulation where it binds proteins called
IGF-binding proteins (IGFBPs) able to increase its plasma half-life *°. IGF-1 has an insulin-
like activity and promotes cell survival, differentiation and maturation of different tissues
including bone, cartilage, and skeletal muscle (Figure 4). The biological functions of IGF-1
are performed both via autocrine and paracrine mechanisms 4. Furthermore, GH secretion
is regulated by negative feedback mechanisms by IGF-1 and GH, which can act directly on
the pituitary gland by inhibiting GH secretion, or on the hypothalamus by inhibiting the

release of GHRH and stimulating the production of SS.

Hypothalamus

Ghrelin @

® IGF-1

BONE GROWTH
—
MUSCLE GROWTH

Figure 4. GHRH-GH-IGF-1 axis. (Rivier J., et al., 1982)

3.3 Peripheral effects of GHRH
In the past, GHRH was considered a simple regulator of the GH/IGF-1 axis. However, it is

now known that, in addition to endocrine actions, GHRH and its analogs also act in
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peripheral organs. The prosurvival activity of GHRH, exemplified by stimulation of the
proliferation of various cell types, by the protection of the cells against apoptosis, or both
these effects, appears to represent the common function of GHRH in a wide range of
peripheral tissues #?4352.34 Therefore, GHRH is expressed in many extra-pituitary tissues,
including hippocampus, heart, skeletal muscle, placenta, ovary, testis, endometrium, kidney,
gastrointestinal tract and in cells derived from bone marrow *°. GHRH regulates survival
and proliferation of B-cells and pancreatic islets; indeed, GHRH analog JI-36 increases
proliferation and reduce apoptosis in rat insulinoma cells (INS-1) and improves the
engraftment and functionality of pancreatic islet after transplantation in non-obese diabetic
mice with severe immunodeficiency . In addition, it has been shown that GHRH is able to
stimulate the secretion of insulin from pancreatic islets in rats . GHRH induces
cardioprotection promoting survival and inhibiting apoptosis in H9¢2 cardiac cells and in

cardiomyocytes of adult rats 47’

. Moreover, GHRH attenuates cardiac hypertrophy in vitro
and its analog, MR-409, improves heart function in vivo 8. In addition, GHRH was found
to regulate cytokine release from human peripheral blood mononuclear cells (PBMCs) *°, to
promote the differentiation of granulocytes from progenitor bone marrow cells into

I and the visceral fat,

functional mature immune cells °, to reduce pulmonary edema °
improving dyslipidemia and decreasing the markers of cardiovascular risk °2. Furthermore,
GHRH promotes wound healing %, reduces ocular inflammation %, induces survival and
prevents apoptosis of C2C12 myotubes treated with tumor necrosis factor-alpha (TNF-a) 48
(Figure 5).

However, GHRH expression has been demonstrated in several cancer cell types, suggesting
its involvement in the pathogenesis of cancers and tumor growth by autocrine and/or
paracrine mechanisms %, Indeed, several studies, in vitro and in vivo, have shown that

GHRH antagonists are able to inhibit cell proliferation and survival of cancer cell lines and

in mouse xenograft models ¢.
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Figure 5. Peripheral effects of GHRH (Granata, R., 2016)

3.4 GHRH analogs
The discovery of the numerous peripheral effects of GHRH in recent years has spurred the
development of several synthetic neuropeptide analogs. The synthetic GHRH agonists have
been synthesized starting from the shortest GHRH sequence, capable of carrying out the
complete biological activity of the peptide and consisting of 29 N-terminal amino acid
residues [GHRH (1-29) NH:] *%. These molecules, as well as the endogenous neuropeptide,
have affinity for GHRH-R and its splicing variants, the characteristic that distinguishes them
most is their high stability, especially in vivo 2. In addition to their documented ability to
induce GH secretion, GHRH agonists influence peripheral tissues by direct binding to their
receptor, stimulating cell proliferation and survival, and inhibiting apoptosis 3424, The first
agonists synthesized were JI-22, JI-34, JI-36 and JI-38 . New analogues of GHRH (MR-
356, MR-361, MR-367) were subsequently produced and it has been shown that they have,
both in vitro and in vivo, a greater efficacy in inducing GH release. Finally, the analogues
MR-403, MR-406 and MR-409 have been synthesized, which show even greater endocrine
activity. Given the protective effects of endogenous GHRH on various peripheral tissues,

many studies have evaluated the action of the most powerful GHRH agonists to identify
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possible clinical applications. For example, the subcutaneous administration of MR-409
promotes cardioprotective mechanisms in pig models of cardiomyopathy %, counteracts
cardiac hypertrophy in vitro and restores cardiac function on in vivo models of cardiac
hypertrophy 3. Furthermore, protective effects were also found in mouse B-cell lines, where
the agonists MR-356 and MR-409 were able to stimulate survival and cell proliferation .

GHRH antagonists are hormone analogues that act as competitors for binding to GHRH-R
and its splice variants, causing blocking of receptor signal transduction ¢7. For this reason,
therapeutic strategies based on the use of GHRH antagonists have been developed for the
treatment of various pathological conditions %47%72. The first synthetic peptides produced,
(MZ and JV), in addition to having a high affinity for GHRH-R, can inhibit the release of
GH both in vivo and in vitro 7. In recent years, with the aim of producing peptides with
increasing affinity and half-life, a new generation of GHRH antagonists, called MIA, has
been synthesized 7. These new synthetic peptides, in fact, have a higher binding affinity
with the receptor, lower endocrine effects on the GH-IGF-1 axis and a high antitumor
activity 74, Therefore, several studies have demonstrated the ability of these molecules to
inhibit the growth of different types of tumors such as osteosarcomas, pituitary adenoma,
renal, pancreatic, breast, prostate, lung, ovarian, mesothelioma and colorectal cancer 386567,
The action of GHRH antagonists on different types of cancer is also supported by studies
demonstrating their ability, in vitro and in vivo, to inhibit proliferation in different tumor cell

lines and xenograft ¢’.

3.5 GHRH effects on central nervous system
The etiopathogenetic role of the GHRH-GH-IGF-1 system in neurodegenerative disorder, as
senile dementia, is still debated 7>7°. Indeed, some studies described a pivotal role of IGF-1
deficiency in the pathogenesis of different neurodegenerative disorders, including AD.

Moreover, IGF-1 has numerous positive effects on neurobiological processes compromised

19



by aging and AD 77-7® with potent neurotrophic and neuroprotective actions including the
stimulation of neurite outgrowth, the promotion of neuronal survival in the hippocampus,
the regulation of tau phosphorylation 7 and protection from the neurotoxic effects of Af *°.
In transgenic mouse models of AD, circulating levels of IGF-1 are low, and when IGF-1
levels are restored in these animals, AP is reduced ®!. Finally, in patients with moderate to
severe AD, IGF-1 levels are reduced relative to age-matched cognitively normal adults 2.
Conversely, for other authors, inhibition of the different levels of the GHRH-GH-IGF-1 axis
apparently exerts a beneficial impact on the progress of Alzheimer’s disease 7%7¢%, This
phenomenon, however, should not be confused with the effect of these mediators on
cognitive performance, per se. Concerning Alzheimer’s disease, literature data suggest that
the inhibition of the axis can be desirable, at least, in the developing disorder 7#384, Data
regarding the role of GHRH in CNS are also controversial. Both the agonists and antagonists
of GHRH show important effects on CNS, and GHRH-R is present in the brain cortex and

other brain areas °

. In cell cultures, the GHRH analog showed antioxidative and
neuroprotective properties; it has been demonstrated that GHRH agonist tesamorelin
improves cognitive function in adults with mild cognitive impairment and in healthy older
adults 3. Conversely, exogenous GHRH has been demonstrated to impair hippocampal
memory consolidation 8¢ while antagonists of GHRH exhibited the capability to inhibit
amyloid aggregation and decreased the deterioration in cognitive performance in a
transgenic mouse model of AD #>°*84 Furthermore, it has been demonstrated that GHRH
play a key role in sleep regulation ®’; indeed, it regulates sleep mechanisms in AD mice
experimental models 3 and promotes sleep in male patients with depression *. Moreover,
GHRH agonist JI-34 attenuates hypoxia-induced neurocognitive deficits, anxiety, and

depression in mice *°. However, GHRH biological activities in the hippocampus and its

effects on neurogenesis and neuroprotection are yet to be explored.
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AIM OF THE STUDY

It has been clearly demonstrated that the adult mammalian brain retains neural stem cells
that continually generate new neurons. It is becoming increasingly clear that adult
neurogenesis readily responds to several conditions and stimuli, such as growth factors or
hormones, which directly induce the generation of new neurons or indirectly promote

neuronal survival, proliferation and activation of antiapoptotic pathways '3

. However,
neurogenesis deregulation is also correlated with neurodegenerative diseases, such as AD,
an age-related neurodegenerative disorder characterized by impairment of memory and
cognitive function 2. Indeed, several studies indicate that the level of neurogenesis is
dramatically reduced in the early stage of AD, and proliferation and survival of newborn
cells are significantly diminished during its progression 4.

In addition to its endocrine role, GHRH exerts a wide range of extrapituitary effects which
include stimulation of cell survival, proliferation and differentiation and inhibition of
apoptosis in several cell types and tissues **4>32, Furthermore, it has been demonstrated that,
at the level of CNS, GHRH regulates sleep mechanisms in AD mice experimental models *
and attenuates hypoxia-induced neurocognitive deficits, anxiety, and depression in mice *°,
whereas biological activities in the hippocampus and its effects on neurogenesis and
neuroprotection are yet to be explored.

Thus, the aim of this study was to clarify the role of GHRH on viability, proliferation,
apoptosis and differentiation of adult rat hippocampal neural stem cells (NSCs) in stress
conditions such as growth factor deprivation and amyloid-3 peptide 1-42 (Ai-42)-induced
toxicity. Moreover, the underlying signaling pathways were explored, specifically those

related to neurogenesis and neuronal cell survival and differentiation.
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First, the protective role of GHRH was studied with regards to the involvement of GHRH
receptor (GHRH-R) signaling and activation of cAMP/PKA/CREB pathway. Furthermore,
the involvement of ERK1/2 and PI3K/Akt pathways was assessed on the mitogenic effects
of GHRH. In addition, it has been investigated whether GHRH increased the expression of
specific markers of differentiation in NSCs. Finally, the study tried to understand how
GHRH modulates intracellular AB-induced alteration, such as GSK-3f variation and Tau
abnormal phosphorylation.

In conclusion, a greater understanding of the mechanisms involved in the progression of AD
and into the protective role of GHRH is essential for preventing neuronal loss and promoting
neurogenesis, as well as for the developing new potential therapeutic strategies for GHRH

analogs in neurodegenerative diseases, such as AD.
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MATERIALS & METHODS

Reagents

Rat GHRH (1-44)-NH2 was from MyBiosource (San Diego, USA). Amyloid-f3 protein
fragment (1-42) and JV-1-36 were from Phoenix Pharmaceuticals (Belmont, CA). NF449,
MDL12330A, KT5720, PD98059, wortmannin, 2,5-diphenyl tetrazolium bromide (MTT),
Dulbecco’s Modified Eagle’s Medium (DMEM)/ F12, fetal bovine serum (FBS), bovine
serum albumin (BSA), penicillin, streptomycin, amphotericin B, L-glutamine, 3-isobutyl-1-
methylxanthine (IBMX), polyornithine, primers and cell culture reagents were from Sigma-
Aldrich (Milan, Italy). Human b-FGF (fibroblast growth factor), B27 supplement and N2
supplement were from Life Technologies, Inc. (Invitrogen, Milan, Italy). Mouse monoclonal
antibody for B-actin (sc-376421), rabbit polyclonal antibody for Bcl-2 (sc-783) and goat
polyclonal antibody for p-Tau (Ser396) (sc-12414) were obtained from Santa Cruz
Biotechnology (Heidelberg, Germany). Rabbit polyclonal antibodies for GHRH-R
(ab76263), NeuN (ab177487) and GFAP (ab7260) were obtained from Abcam (Cambridge,
UK). Rabbit polyclonal antibodies P-CREB (Ser133) (code 9191S), P-ERK1/2
(Thr202/Tyr204) (code 9101S), P-Akt (Ser473) (code 4060), P-GSK-3b (Ser 9) (code 9336),
P-p70S6K (Thr389) (code 9205), Bax (code 5023S) were from Cell Signaling Technology
(Euroclone, Milan, Italy). RT-PCR and Real-Time PCR reagents were obtained from Life

Technologies, Inc. (Invitrogen, Milan, Italy).

Cell culture and differentiation
Adult Rat Hippocampal Neural Stem Cells (NSCs) were obtained from Sigma-Aldrich
(Milan, Italy). The cells were grown in polyornithine (PORN)-coated flasks or wells and

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 with B27 Supplement and
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b-FGF 20 ng/ml (normal medium, NM) at 37° in a 5% CO; humidified atmosphere for
normal proliferating conditions. For experimental conditions the cells were switched to
DMEM)/F12 supplemented with 0.1% BSA without growth factors and b-FGF for 2 h
(control medium, c¢), then replaced with the same fresh medium, in either absence or presence
of the different stimuli for further 24 h. For differentiation conditions, cells were seeded in
NM in PORN-coated 6-well plates at a concentration of 50 X 10 cells/well. After confluence
(d 0), the medium was changed to differentiation medium (DM) [DMEM/F12 with N2
Supplement, 1% FBS and retinoic acid (RA) (1 uM)] for 5 days (d 5) in either absence or

presence of GHRH (5 puM).

Cell viability and proliferation

Cells were seeded in NM in PORN-coated 96-well plates at a cell concentration of 8 X 103
cells/well. After 48 h, the medium was changed to control medium, and cells were then
treated with different stimuli for further 24 h. Cell viability was assessed by MTT assay.
Cells were incubated with 1 mg/ml of MTT for approximately 2 h, then the medium was
removed, and formazan products solubilized with 100 pl dimethyl sulfoxide (DMSO). Cell
viability was assessed by spectrophotometry at 570 nm absorbance using the LT-4000
microplate reader (Euroclone, Milano, Italy). Cell proliferation was assessed using the 5-
bromo-2-deoxyuridine (BrdU) incorporation ELISA kit (Roche Diagnostic SpA, Milano,
Italy). Briefly, the cells were incubated with BrdU labeling solution for 2 h at 37° C. After
removal of the labeling solution, cells were fixed, denatured, and incubated for 90 min with
anti-BrdU antibody conjugate, which was subsequently removed by rinsing three times.
Finally, cells were incubated in substrate solution at room temperature and proliferation
assessed by colorimetric detection at 450 nm absorbance using the LT-4000 microplate

reader (Euroclone, Milano, Italy).
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Caspase-3 Activity

Cells were seeded in PORN-coated 6-well plates at a concentration of 50 X 10* cells/well.
Caspase-3 activity was assessed by Caspase-3 Colorimetric Assay Kit (BioVision, USA) in
cell lysates, according to the manufacturer’s instruction. Briefly, cells were resuspended in
Cell Lysis Buffer, incubated 10 min at 4° C, centrifuged and cytosolic extract was used for
protein quantification. Next, samples were incubated for 2 h with DEVD-pNA substrate.
Caspase-3 activity was assessed by colorimetric detection at 405 nm absorbance with LT-

4000 microplate reader (Euroclone, Milano, Italy).

cAMP assay

Cells were seeded in NM in PORN-coated 6-well plates at a concentration of 50 X 10%. After
48 h, the medium was changed to control medium, and the cells were incubated in the
presence of 100 uM of 3-isobutyl-1-methylxanthine (IBMX), either with or without GHRH
(1 uM) at the indicated time. Intracellular cAMP was measured from cell lysates using the
Cyclic AMP Assay (R&D System, Space Srl, Milan, Italy), according to the manufacturer's

instructions.

Western blotting

Protein extraction and Western blot analysis were performed as described previously .
Proteins (40 ng) were resolved in 10% SDS-PAGE (12% for Bcl-2 and Bax), transferred to
a nitrocellulose membrane and incubated overnight at 4°C with the specific antibodies
(dilution 1:500 for Bcl-2, 1:1000 for GHRH-R, P-ERK1/2, P-Akt, P-CREB, P-GSK-3p3, P-
p70S6K, P-Tau, Bax, and 1:10000 for NeuN and GFAP). Blots were re-probed with -actin
(dilution 1:500) or with the respective total antibodies for protein normalization.
Immunoreactive proteins were visualized using horseradish peroxidase-conjugated goat

anti-mouse, goat anti-rabbit or mouse anti-goat (1:4000) secondary antibodies by enhanced
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chemiluminescence substrate (ECL) using ChemiDoc XRS (Bio-Rad, Milan, Italy).

Densitometric analysis was performed with Quantity One software (Bio-Rad, Milan, Italy).

Real-Time PCR

Total RNA isolation and reverse transcription (RT) to cDNA (1 pg RNA) from NSCs cells,
treated with TRIzol reagent (Life Technologies, Milan, Italy), was performed as described
previously *°. For real-time PCR, reaction was performed with 50 ng cDNA, 100 nm of each
primer and IQ-SYBR-green Mastermix (Bio-Rad, Milan, Italy) using the ABI-Prism 7300
(Applied Biosystems, Milan, Italy). The following primer pairs were used: GFAP, forward
5’-CTCAGTACGAGGCAGTGGCC-3’, reverse 5’-CGGGAAGCAACGTCTGTGA-3’
(NM _017009.2); Tujl, forward 5’-TAGACCCCAGCGGCAACTAT-3’, reverse 5’-
GTTCCAGGTTCCAAGTCCACC-3> (NM _139254.2) (designed with the Primer 3
Software, http://www.primer3.org/). 18S rRNA was used as endogenous control. Relative

quantification was performed using the comparative Ct (2—AACt) method.

Statistical analysis

Results are presented as mean = SEM. Significance was calculated by two-tailed Student’s
t-test or one-way ANOVA followed by Dunnet’s or Tukey’s multiple comparison post-hoc
test, as appropriate, using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA).

Significance was established for P < 0.05.
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RESULTS

GHRH promotes cell viability and proliferation and prevents apoptosis of NSCs
through involvement of GHRH receptor signaling

Initially, the protein expression of GHRH receptor (GHRH-R) was assessed in adult rat
hippocampal neural stem cells (NSCs) in basal conditions. Moreover, no variation on
expression levels of GHRH-R was observed in cells treated with GHRH (5 pM) for 24 h
(Figure 1A).

The role of GHRH(1-44)NH, was first assessed on viability and proliferation in NSCs
cultured in growth factor-deprived medium in presence of increasing concentrations of
GHRH (0.5 — 5 uM) for 24 h. As expected, cell viability and proliferation were reduced
under growth factor deprivation (control), compared with normal medium (NM).
Conversely, GHRH dose-dependently increased cell viability and proliferation as compared
with untreated cells (control), showing the strongest effect at 5 uM, that was used for the
subsequent experiments (Figure 1B and C). Furthermore, at 24 h GHRH reduced growth
factor deprivation-induced apoptosis, as indicated by reduced caspase-3 activity (Figure 1D).
Next, to assess the involvement of GHRH-R, NSCs were treated with GHRH for 24 h, in
combination with the GHRH-R antagonist JV-1-36 (JV). The increase in cell viability and
proliferation induced by GHRH was suppressed by JV-1-36, that had no effects alone,
suggesting the involvement of GHRH-R signaling in the protective activities of GHRH
(Figure 1E and F). Overall, these results indicated that GHRH exerts survival, proliferative

and antiapoptotic effects in NSCs through involvement of GHRH-R signaling.
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Figure 1. Survival, proliferative and antiapoptotic effects of GHRH in NSCs. (A) Protein expression for
GHRH-R assessed by Western blot in NSCs cultured in growth factor-deprived medium (control medium, c),
in either absence (-) or presence (+) of GHRH (5 uM), for 24 h. H9¢2 cardiac cells were used as positive
control for GHRH-R and B-actin served as internal control. (B-C) Cells were cultured in either normal medium
(NM) or in growth factor-deprived medium (c) for 2 h and then for further 24 h with GHRH, at the indicated
concentrations. Cell viability (B) and proliferation (C) were assessed by MTT assay and BrdU incorporation,
respectively. (D) Apoptosis was evaluated by caspase-3 activity and assessed in NSCs treated for 24 h in
control medium (c) with GHRH (5 uM). (E-F) Cells were cultured in growth factor-deprived medium (c) for
2 h and then for further 24 h with GHRH (G, 5 uM) or JV-1-36 (JV, 1 nM), either alone or in combination.
Cell viability (E) and proliferation (F) were assessed by MTT assay and BrdU incorporation, respectively. The
results are expressed as percentage of control and reported as means + SEM ("P < 0.05, P < 0.01, ™*P < 0.001
vs. ¢; P < 0.001 vs. G; ns, not significant) (n = 5).

GHRH promotes cell viability and proliferation through activation of Gas/cAMP/PKA
signaling and phosphorylation of cAMP response element binding protein (CREB)

Activation of the cAMP/PKA cascade plays a significant role in the regulation of adult
neurogenesis 2%, Moreover, CREB regulates survival, proliferation, and differentiation of
newborn neurons °7 and in the adult brain, it participates in neuronal plasticity, learning, and
memory 22, Therefore, we next investigated whether GHRH-induced effects on cell viability
and proliferation would imply activation of the cAMP/PKA/CREB pathway. Our
preliminary data suggest that intracellular cAMP levels in NSCs increased at 5 min in
response to GHRH (5 uM), then decreased at 15 and 30 min and returned to basal levels at
60 min. The adenylyl cyclase activator forskolin (FK) was used as positive control and
strongly increased cAMP levels, as expected (Figure 2A). GHRH also promoted the

phosphorylation of the transcription factor CREB on serine 133, which peaked at 30 min,
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decreasing thereafter (Figure 2B). Furthermore, inhibitors of the cAMP/PKA pathway were
used to clarify the signaling cascade involved in GHRH effects. The Gass protein-coupled
receptor antagonist NF449 (NF), which prevents adenylyl cyclase activation and cAMP
production, blocked GHRH mitogenic effects at 24 h (Figure 2C and D). Similar results were
obtained by coincubation of NSCs with GHRH and either the adenylyl cyclase inhibitor
MDL12330A (MDL) (Fig. 2E and F) or the PKA inhibitor KT5720 (KT) (Fig. 2G and H).
Collectively, these findings suggest that GHRH promotes NSCs viability and proliferation
through activation of the Gas/cAMP/PKA/CREB pathway.
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Figure 2. GHRH-induced viability and proliferation involve signaling through Ga./cAMP/PKA and
CREB. (A) Intracellular cAMP levels in growth factor deprived NSCs cultured for the indicated times with
GHRH (5 uM), in the presence of the phosphodiesterase inhibitor IBMX (100 uM), that was added 30 min
before stimulation. Forskolin (FK) (50 uM for 2 min) was used as positive control (n = 1). (B) CREB
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phosphorylation on serine 133 evaluated by Western blot in lysates from NSCs incubated with GHRH (5 uM)
for the indicated times. Equal protein loading was determined by reprobing with total CREB antibody. Blots
are representative of three independent experiments. Graphs show the densitometric analysis of phosphorylated
proteins normalized to total proteins and reported as percent of basal (*P < 0.01 vs. time 0; ns, not significant).
(C-H) Cell viability and proliferation assessed by MTT and BrdU, respectively, in NSCs cultured in growth
factor-deprived medium (c) for 2 h, and then for further 24 h with NF449 (NF, 25 uM) (C-D), MDL12330A
(MDL, 100 nM) (E-F), or KT5720 (KT,100 nM) (G-H), either alone or with GHRH (G, 5 uM). The results
are expressed as percentage of control and reported as means + SEM (*P < 0.05, “"P < 0.01, **P < 0.001 vs. c;
#P<0.01,"P<0.01 vs. G; ns, not significant) (n = 4).

Phosphorylation of extracellular signal-regulated kinase (ERK1/2),
phosphatidylinositol 3-kinase (PI3K)/Akt and glycogen synthase kinase-3p (GSK-3p),
but not mTOR, is essential for GHRH mitogenic effects in NSCs

Both mitogen-activated protein kinase (MAPK)/ERK1/2 and PI3K/Akt pathways have been
shown to be involved in regulating survival and proliferation of adult hippocampal
progenitor %%, Furthermore, PI3K/Akt-mediated inactivation of GSK-3B through
phosphorylation on Ser9 residue is crucial for hippocampal neurogenesis and neuronal
survival 7. GHRH, in turn, was found to promote survival and proliferation of different cell
types via activation of both ERK1/2 and PI3K/Akt 4"*¥. Here, GHRH increased ERK1/2
phosphorylation in NSCs, which peaked at 5 min and decreased thereafter, compared to
basal (Figure 3A). Furthermore, GHRH-treated NSCs showed a strongly and time-
dependent increase of Akt phosphorylation, which peaked at 30 and 60 min and decreased
at 90 min, compared to basal (Figure 3B). Coincubation for 24 h with either the protein
kinase kinase (MEK) inhibitor PD98059 (PD), which prevents ERK1/2 phosphorylation, or
with the specific PI3K inhibitor wortmannin (W), both abolished GHRH effects on cell
viability and proliferation, whereas no effect was observed using the inhibitors alone (Figure
3C-F). Similarly, GHRH strongly and time-dependently increased GSK-3f phosphorylation
on Ser9, which peaked at 60 min and decreased at 90 min after stimulation (Figure 3G).
Conversely, GHRH had no effect on mTOR downstream target p70S6K (Figure 3H).
Overall, these results suggest that GHRH-induced protection in NSCs requires activation of

both ERK1/2 and PI3K/Akt, as well as inactivation of GSK-3f, but not mTOR.
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Figure 3. GHRH viability and proliferative effects in NSCs require activation of both ERK1/2 and
PI3K/AKkt, as well as inactivation of GSK-3p. (A) ERK1/2 and (B) PI3K/Akt phosphorylation evaluated by
Western blot in NSCs incubated with GHRH (5 puM) for the indicated times. Blots were reprobed with total
antibodies for normalization. Blots are representative of three independent experiments. Graphs show the
densitometric analysis of phosphorylated proteins normalized to total proteins and reported as percentage of
basal ("P < 0.05, **P < 0.001, vs. time 0; ns, not significant). (C-F) Cell viability and proliferation assessed
by MTT and BrdU, respectively, in NSCs cultured in growth factor-deprived medium (c) for 2 h, and then for
further 24 h, with GHRH (G, 5 uM) either alone or in combination with PD98059 (PD, 10 uM) (C-D) or
wortmannin (W, 25 nM) (E-F). Data, expressed as percent of control, are the mean + SEM ("P < 0.05, “'P <
0.01, ™ P <0.001 vs. c; #P<0.01, P <0.001 vs. G; ns, not significant) (n=5). (G) GSK-3p phosphorylation
on Ser9 and (H) p70S6K phosphorylation assessed by Western blot in NSCs treated with GHRH (5 uM) for
the indicated times. Blots were reprobed with total antibodies for normalization and are representative of three
independent experiments. Graphs represent the densitometric analysis of phosphorylated proteins normalized
to total proteins and reported as percentage of basal (*"P < 0.01, **P < 0.001, vs. time 0; ns, not significant).



GHRH increased the expression of specific markers of differentiation

Neural stem cells (NSCs) are self-renewing cells with the capacity to differentiate into
neurons and glia *°. To investigate the ability of GHRH to induce a major differentiation into
neuronal lineages, we examined the expression of specific cell markers for neurons and
astrocytes. For differentiation conditions cells were seeded in NM and, after confluence (d
0), cultured in differentiation medium (DM) for 5 days (d 5) in either absence or presence of
GHRH (5 uM). The only change of medium was already sufficient to induce differentiation.
Interestingly, GHRH increased the mRNA levels of both neuronal marker 7uj (neuron-
specific class III B-tubulin) and the astrocytes marker GFAP (glial fibrillary acidic protein)
(Figure 4A and B). Moreover, Western blot analysis showed that GHRH induce a most
significant increase of NeuN (neuronal nuclei protein) and GFAP compared with untreated
differentiated cells (Figure 4C). Taken together, these data suggest that GHRH mainly

increases the differentiation of NSCs into neurons and astrocytes.
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Figure 4. GHRH effects on NSCs differentiation. After confluence (d 0), cells were cultured in
differentiation medium (DM) for 5 days (d 5) in either absence or presence of GHRH (5 uM). (A) Tujl and
(B) GFAP mRNA evaluated by real-time PCR. Results, normalized to 18S rRNA, are expressed as fold-change
of control (d5) and are mean = SEM ("P < 0.05, “P < 0.01, “*P < 0.001 vs. d5) (n = 5). (C) NeuN and GFAP
assessed by Western blot on lysates from cells stimulated for 5 days with or without GHRH (5 uM). Equal
protein loading was determined by reprobing with antibodies to B-actin. Graphs represent the densitometric
analysis of proteins normalized to B-actin and reported as percentage of control (*"P < 0.01, **P < 0.001 vs.
ds).
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GHRH counteracts the detrimental effects of amyloid-p peptide (AB)1-42

AP deposition plays a critical role in the pathogenesis of AD and contributes to neuronal
apoptotic cell death in a variety of neural cell types 3°. Moreover, ABi.42 promotes the
formation of neurofibrillary tangles (NFTs), composed of hyperphosphorylated Tau protein
36 Based on the observed mitogenic effects in growth factor-deprived conditions, we aimed
to determine whether GHRH would also protect against AB-induced cell death. Cell viability
was first assessed in NSCs treated with increasing concentrations of Afi.42 (0.1 —2 uM) for
24 h. AB1-42 reduced cell viability in a dose dependent manner when compared with control
(data not shown). The most effective concentration of APBi.42 in terms of reduction of cell
viability was 200 nM that was selected as the best concentration for subsequent experiments.
To next investigate the potential protective role of GHRH, the cells were cotreated with Af3:-
42 (200 nM) and with increasing concentrations of GHRH (1- 5 uM) for 24 h. GHRH dose-
dependently blocked the detrimental effects of APi42 and restored cell viability and
proliferation (Figure 5A and B). However, these effects were abolished by addition of the
GHRH-R antagonist JV-1-36 (JV) (Figure 5C and D). Moreover, GHRH reduced apoptosis
induced by 24 h of treatment with AP;.42, by reducing caspase-3 activity even below the
control levels (Figure SE). Furthermore, GHRH counteracted the effect of ABi.42 on
elevation of the proapoptotic protein BAX (Figure 5F) and inhibition of the antiapoptotic
protein Bcl-2 (Figure 5G). Finally, to clarify the signaling cascades involved in the effects
of GHRH, NSCs were treated with AfB1.42 alone or with GHRH for 24 h in combination with
specific inhibitors of the cAMP/PKA pathway. Both NF449, MDL12330A and KT5720,
that had no effects alone, blocked the protective effects of GHRH against the detrimental
effect of APi-42 on cell viability and proliferation (Figure 6A-F). Collectively, these findings
indicate that GHRH reduces APi-.42-induced toxicity in NSCs through involvement of

GHRH-R signaling and Gos/cAMP/PKA/CREB pathway.
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Figure 5. GHRH protective effects against APi-42-induced toxicity. Cells were cultured in either normal
medium (NM) or in growth factor-deprived medium (c) for 2 h and then for further 24 h with ABi-42 (0.2 uM),
alone or in combination with GHRH at the indicated concentrations. (A) Cell viability and (B) proliferation
were assessed by MTT assay and BrdU incorporation, respectively. The results are expressed as percentage of
control and reported as means = SEM ("P < 0.01, " P < 0.001 vs. ¢; *P < 0.05, #P < 0.001 vs. Ap; ns, not
significant) (n=5). (C-D) Cells were cultured in growth factor-deprived medium (c) for 2 h and then for further
24 h with APi1-42 (0.2 pM) or JV-1-36 (JV, 1 nM), either alone or in combination with GHRH (G, 5 uM). Cell
viability (C) and proliferation (D) were assessed by MTT assay and BrdU incorporation, respectively. The
results are expressed as percentage of control and reported as means + SEM (“P < 0.01, **P < 0.001 vs. c; “P
<0.05, P <0.001 vs. A, P < 0.05 vs. AB + G; ns, not significant) (n = 5). (E) Apoptosis was evaluated by
caspase-3 activity and assessed in NSCs cultured in control medium (c) for 24 h, either with or without AB1-42
(0.2 pM) alone or with GHRH (G, 5 uM). Results are the mean = SEM ("P < 0.01 vs. c; *P < 0.05 vs. AP)
(n=6). (F) Bax and (G) Bcl-2 assessed by Western blot on lysates from cells stimulated, for 24 h in control
medium (c), with GHRH (G, 5 uM) or ABi-42 (0.2 uM), either alone or in combination. Equal protein loading
was determined by reprobing with antibodies to B-actin. Blots are representative of three independent
experiments. Graphs represent the densitometric analysis of proteins normalized to B-actin and reported as
percentage of control (P < 0.01, " P < 0.001 vs. ¢c; ¥P < 0.01, P < 0.001 vs. AP).
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Figure 6. GHRH reduced Apis-induced toxicity in NSCs through involvement of
Gas/cAMP/PKA/CREB pathway. Cells were cultured in growth factor-deprived medium (c) for 2 h and then
for further 24 h with ABi-42, or NF449 (NF, 25 uM) (A-B), MDL12330A (MDL, 100 nM) (C-D), or KT5720
(KT, 100 nM) (E-F), either alone or in combination with GHRH (G, 5 pM). (A-F) Cell viability and
proliferation were assessed by MTT assay and BrdU incorporation, respectively. The results are expressed as
percentage of control and reported as means £ SEM (**P < 0.01, " P < 0.001 vs. c; *P < 0.05, #P < 0.01, **P
<0.001 vs. AB; 3P <0.05, ¥P < 0.01, %P < 0.001 vs. AB + G; ns, not significant) (n = 4).

Phosphorylation of ERK1/2, PI3K/Akt and GSK-3p is essential for viability and
proliferative effects of GHRH against ABi-42-induced toxicity in NSCs

With regard to the signaling pathways and consistent with the previous results, GHRH which
per se promoted both ERK1/2 and Akt phosphorylation, also counteracted Api-42-induced
reduction of ERK1/2 and Akt phosphorylation and restored their activity even above the
control levels, after 24 h of treatment. Moreover, the cells were incubated with the MEK
inhibitor PD98059 (PD) or with the PI3K inhibitor wortmannin (W). Western blot analysis
showed that both PD and wortmannin blocked GHRH-dependent ERK1/2 and Akt

phosphorylation, in either absence or presence of ABi-42 (Figure 7A and B).
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Figure 7. GHRH counteracts the detrimental effects of ABi.42 through phosphorylation of ERK1/2 and
PI3K/Akt, and inhibition of GSK-3 and Tau hyperphosphorylation. (A) ERK1/2 and (B) PI3K/Akt
phosphorylation assessed by Western blot in cells treated with GHRH (G, 5 uM) or PD98059 (PD, 10 uM), or
wortmannin (W, 25 nM), either alone or in combination with AB1-42 (0.2 pM). For (B) B-Actin served as internal
control. Blots were reprobed with total antibodies for normalization. Blots are representative of three
independent experiments. Graphs show phosphorylated proteins normalized to total proteins and reported as
percentage of control ("P < 0.05, "™ P < 0.001 vs. ¢; ™ P < 0.001 vs. G; #*P < 0.001 vs. AB; $P < 0.05, P <
0.001 vs. AB + G; ns, not significant). (C-F) Cells were cultured in growth factor-deprived medium (c) for 2 h
and then for further 24 h with ABi-42, or PD98059 (PD, 10 uM) (C-D), or wortmannin (W, 25 nM) (E-F) either
alone or in combination with GHRH (G, 5 uM). Cell viability and proliferation were assessed by MTT assay
and BrdU incorporation, respectively. The results are expressed as percentage of control and reported as means
£+ SEM ("P < 0.05, P < 0.01, ™" P < 0.001 vs. ¢; *P < 0.05, P < 0.01, P < 0.001 vs. AB; P < 0.05, %P <
0.01 %P < 0.001 vs. AB + G; ns, not significant) (n = 4). Phosphorylation of GSK-3B (G) and TAU (H)
assessed by Western blot on lysates from cells stimulated, for 24 h and 60 min respectively, in control medium
(c), with GHRH (G, 5 uM) or ABi-42 (0.2 uM), either alone or in combination. Blots were reprobed with total
antibodies for normalization. Blots are representative of three independent experiments. Graphs show
phosphorylated proteins normalized to total proteins and reported as percentage of basal ("P < 0.05, *P < 0.01
vs. ¢; *P < 0.05,P < 0.001 vs. AP; ns, not significant).

36



Furthermore, PD and wortmannin, which alone had no effect, blocked the protective action
of GHRH against the detrimental effect of AP1.42also on cell viability and proliferation after
24 h of treatment (Figure 7C-F). Similarly, GHRH, which had no effects alone, blocked Af.-
42-induced inhibition of GSK-3[3 phosphorylation and restored GSK-3f activity even above
the control levels, after 24 h of treatment (Figure 7G). GSK-3f is involved in the
pathogenesis of AD and promotes hyperphosphorylation of Tau protein and formation of
NFTs, which are among the classical hallmarks of AD !’ Therefore, the effect of GHRH
was examined on phosphorylation of Tau protein. GHRH alone had no effect, but abolished
ABi-42 -induced Tau phosphorylation, that was strongly increased with respect to untreated
cells (Figure 7H). Overall, these data indicate that GHRH reduces Api.42 -induced toxicity
in NSCs through phosphorylation of ERK1/2 and PI3K/Akt, inactivation of GSK-3f3 and

inhibition of Tau hyperphosphorylation.
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DISCUSSION

This study is the first to describe a novel neuroprotective role for GHRH in adult rat
hippocampal neural stem cells (NSCs). Indeed, GHRH counteracted the detrimental effects
of growth factor deprivation by promoting viability and proliferation and inhibiting
apoptosis, through the involvement of GHRH-R signaling. Furthermore, GHRH exerted its
mitogenic effects through mechanisms involving activation of the cAMP/PKA/CREB
signaling and phosphorylation of ERK1/2 and PI3K/Akt, as well as inactivation of GSK-3p.
In addition, the present study demonstrates that GHRH was able to induce a major
differentiation of NSCs toward neurons and astrocytes. GHRH also reduced the negative
effects of APi42 on NSCs viability, proliferation, and apoptosis through ERK1/2 and
PI3K/Akt pathway and inhibited both activation of GSK-3f and Tau hyperphosphorylation.
Hippocampus is the principal brain structure associated with several cognitive functions
such as emotional memory retention, learning mechanisms and affective behaviors, as well

12,100~ Adult hippocampal neurogenesis comprises proliferation and

as neurogenesis
differentiation of progenitors, survival and maturation of new neurons, and their integration
into neuronal circuits ''2, Altered neurogenesis may reduce the plasticity of hippocampus,
resulting in memory impairment and cognitive deficits, whereas enhanced neurogenesis
represents a brain repair mechanism. Notably, impaired hippocampal neurogenesis has been
shown to be a critical event in aging and disorders, including AD 91192, Different growth
factors act as positive regulators of adult neurogenesis and improve cognitive function either
directly, by promoting neurogenesis or indirectly, by exerting neurotrophic and survival
effects in new neurons 4193,

Despite of controversial data in literature about the role of the GHRH/GH/IGF-1 system in

the development of senile dementia, it has been demonstrated that the GH/IGF-1 axis is
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involved in brain growth and plasticity, proliferation and differentiation of NSCs 104105

suggesting that as well GHRH could have a potential role in the regulation of cell survival.
Thus, it seemed appropriate to investigate the possible role of GHRH on neurogenesis, which
involves survival, proliferation, and differentiation of NSCs. GHRH was found here to
potently stimulate cell viability and proliferation of NSCs and to prevent apoptosis induced
by growth factor deprivation, suggesting neurogenic effects.

It is now well established that GHRH not only plays a central role in the release of GH from
somatotroph cells, but growing evidence also demonstrated that this hormone is capable of
exerting peripheral effects, being expressed in a variety of peripheral tissues, including
lymphocytes, heart, skeletal muscle, placenta, ovary and testis, endometrial tissue, kidney,
gastrointestinal tract, prostate, liver, lung, and peritoneal bone marrow-derived cells 4>>2,
Furthermore, expression of GHRH and its receptor, GHRH-R, have been demonstrated also
into cerebral cortex, cerebellum, and brain stem cells >°. Here, the pituitary form of GHRH-
R was found in NSCs, suggesting that GHRH exerted its effects by binding to its receptor.
Involvement of GHRH-R was also bolstered by evidence that GHRH-R antagonist JV-1-36
abolished GHRH-induced viability and proliferation of NSCs.

GHRH proliferative and antiapoptotic actions have been previously reported by our and
other groups in different cell types, such as fibroblasts, cardiomyocytes, and pancreatic
islets, through the upregulation of cAMP/CREB signaling and ERK1/2, PI3/Akt and
JAK2/STAT3 pathways. Particularly, GHRH has been shown to promote the proliferation
and migration of mouse embryonic fibroblasts in vitro, and to accelerate healing in skin
wounds of mice in vivo . Moreover, different studies showed that both GHRH and its
agonistic analogs promote cardioprotection; indeed, they increase survival of
cardiomyocytes in vitro, improve cardiac function, protect against ischaemia—reperfusion

8

injury in rat heart *’, reduce infarct size %’, attenuate cardiac hypertrophy >® and induce

cardioprotection after experimental myocardial infarction in vivo ®. Furthermore, GHRH
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agonists improves B-cells survival and reduce apoptosis in rat insulinoma cells >° and
stimulate insulin secretion from isolated rat islets in vitro .

GHRH-R is a Gas-protein coupled receptor which stimulates adenyl cyclase, converting
ATP in cAMP, a second messenger involved in the GHRH signal transduction.
cAMP/CREB signaling plays a central role in different steps of adult neurogenesis, including
survival, proliferation, and integration of new neurons 27, In NSCs, GHRH induced an
early activation of cAMP and promoted CREB phosphorylation on Serine 133, the site
required for the control of neurogenic transcriptional programs. In addition, the mitogenic
actions of GHRH on cell viability and proliferation were blocked by adenylyl cyclase and
PKA inhibitors, as well as by Gos antagonists, suggesting GHRH-induced GHRH-R
signaling through Gas/cAMP/PKA/CREB pathway. These results confirm previous data
demonstrating an involvement of cAMP and CREB activation in the modulation of NSCs
cell proliferation in vivo 2197,

Accumulating evidence revealed that MAPK/ERK1/2 and PI3K/Akt pathways play a key
role on the regulation of a variety of cell activities in hippocampal progenitors, including
cell proliferation, migration and differentiation, and are involved in the mitogenic effects of
different growth factors !”-1%, Interestingly, both ERK1/2 and PI3K/Akt pathways were

found to promote CREB phosphorylation %23

, suggesting a link between these pathways
and neurogenesis of NSCs. Interestingly, our results show that GHRH induced the
phosphorylation of ERK1/2 and Akt in NSCs, in agreement with previous findings in other
cell types 474857 Moreover, inhibition of ERK1/2 and Akt by PD98058 and wortmannin
respectively, reduced the GHRH-induced effects on cell viability and proliferation.

PI3K/Akt pathway exerts antiapoptotic effects via the phosphorylation of many effectors,
including the cytoplasmatic protein GSK-3f. Inhibition of GSK-3f is crucial for the

stabilization and nuclear translocation of B-catenin and activation of target genes !”-!°. GSK-

3B/B-catenin signaling, a key component of the Wnt pathway, plays a crucial role in
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progenitor cell differentiation and survival during neurogenesis '7!°. Moreover, impaired
GSK-3f activity has been associated with psychiatric disorders and neurodegenerative
diseases, including AD 2°%7. In line with these data, GHRH rapidly increased the
phosphorylation of the PI3K/Akt downstream target GSK-3f3 on Ser9, which resulted in its
inactivation. Conversely, GHRH was unable to activate mTOR/p70S6K, the other
downstream target of PI3K/Akt, involved in hippocampal synaptic plasticity, neurogenesis
and autophagy 9719 Accordingly, Akt-induced phosphorylation and inhibition of GSK-3
were previously found to occur independently of mTOR, suggesting that Akt may
independently activate one pathway or the other 45,

A limitation of this study is that the experiments were performed using a single cell type in
vitro. However, the adult rat hippocampal neural stem cells (NSCs), employed herein,
isolated from the hippocampus of adult Fisher 344 rats, are a well-established cell model,
which have been thoroughly studied regarding their proliferative capacities and lineage
stability °°. Most importantly, are self-renewing cells with the capacity to differentiate into
neurons, astrocytes, and oligodendrocytes, the three main lineages of the CNS °°. The
involvement of GHRH in cell differentiation has already been reported; for example, GHRH
was found to induce differentiation and maturation of somatotroph cell in combination with
acid retinoic and dexamethasone, although GHRH alone had no effect 3. Moreover, GHRH
promotes the differentiation of granulocytes from progenitor bone marrow cells into
functional mature immune cells %°. To our knowledge, this is the first evidence that GHRH
is implicated in neural differentiation. However, it was already demonstrated that both GH
and IGF-1 stimulate the genesis of neurons, astrocytes and oligodendrocytes %4 suggesting
that also GHRH directly or indirectly, through the GH/IGF axis, may have a potential role
on cell differentiation. This work confirms that NSCs could differentiate in neural lineages
even in the absence of GHRH, as previously observed *°. Furthermore, we observed that

treatment with GHRH increased the mRNA levels of both 7Tuj/ and GFAP, markers for
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neuron and glia respectively. In addition, GHRH induced a significant increase of both NeuN
and GFAP proteins, compared with untreated differentiated cells, suggesting that GHRH
promotes the differentiation of NSCs towards neurons and astrocytes. However, further
studies are needed to deepen this aspect. In fact, neuronal and glial cell replacement or
supplementation could be beneficial for several neurological illnesses and thus constitute a
novel therapeutic approach to neurological diseases such as AD.

Based on the protective effects observed in growth factor-deprived conditions and the
signalling pathways involved, we next sought to determine whether GHRH would protect
NSCs from the detrimental effects of ABi.4> peptide. Indeed, A is a main responsible for
neuronal death, reduction of neurogenesis, memory, and cognitive impairment in AD -9,
Furthermore, AD, most common neurodegenerative disorder, is also characterized by
accumulation of NFTs, abnormal phosphorylation of Tau protein, deposition of plaques in
the brain and chronic inflammation %%. Here, we show for the first time that GHRH
counteracted the detrimental effects of APi42 in NSCs, by increasing cell viability and
proliferation and reducing apoptosis, through involvement of GHRH-R signaling and
Gos/cAMP/PKA/CREB pathway. GHRH also increased both ERK1/2 and Akt
phosphorylation, that was reduced by APi.42. In addition, ERK1/2 and Akt inhibition by
PD98058 and wortmannin respectively, blocked GHRH-dependent ERK1/2 and Akt
phosphorylation, in either absence or presence of APi-42.

Accumulating evidence suggest that A modulates the proliferation and differentiation of
NSCs via GSK-3B-mediated signaling 3. Here, GHRH even promoted the
phosphorylation/inactivation of GSK-3f3, whose dephosphorylation/activation by Afi.42. In
the pathogenesis of AD, GSK-3f interacts with Tau, leading to its hyperphosphorylation,
thus disrupting its normal function in regulating axonal transport and leading to the

accumulation of NFTs and toxic species of soluble Tau *¢. Accordingly, this study shows
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that GHRH also counteracted Api.42-induced phosphorylation of Tau and restored its
phosphorylation to basal level in NSCs.

Overall, these findings are the first to show the novel protective role of GHRH in adult
hippocampal NSCs exposed to different stress stimuli, through activation of survival and
neurogenic pathways. In addition, the protection against the detrimental effects of AP and
inhibition of signaling pathways characteristic of AD suggest a potential role for GHRH
analogs as potential therapeutic compounds for reducing hippocampal cell loss, improving
neurogenesis and for treating neurodegenerative disorders, such as AD, alone or possibly in
combination with other drugs. Importantly, GHRH agonists are able to cross the blood-brain
barrier, a fundamental requisite for their therapeutic use at the central level '%°. Thus, future
in vivo studies are needed to clarify the mechanisms of action of GHRH analogs on
hippocampal neurogenesis and neuroprotection, possibly leading to their development as

pharmacological tools for AD and other neurodegenerative disorders.

43



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

BIBLIOGRAPHY

Altman, J. Are new neurons formed in the brains of adult mammals? Science 135, 1127-1128
(1962).

Eriksson P.S., Perfilieva E., Bjork-Eriksson T., Alborn A.M., Nordborg C., Peterson D.A.,
Gage F., H. Neurogenesis in the adult human hippocampus. Nature Medicine 4, 1313—-1317
(1998).

Lois, C. & Alvarez-Buylla, A. Proliferating subventricular zone cells in the adult mammalian
forebrain can differentiate into neurons and glia. Proceedings of the National Academy of
Sciences of the United States of America 90, 2074-2077 (1993).

Gage, F. H., Kempermann, G., Palmer, T. D., Peterson, D. A. & Ray, J. Multipotent progenitor
cells in the adult dentate gyrus. Journal of Neurobiology 36, 249-266 (1998).
Alvarez-Buylla, A. & Lim, D. A. For the long run: Maintaining germinal niches in the adult
brain. Neuron vol. 41 683—686 (2004).

Bond, A. M., Ming, G. L. & Song, H. Adult Mammalian Neural Stem Cells and Neurogenesis:
Five Decades Later. Cell Stem Cell 17, 385-395 (2015).

Zhang, J. & Jiao, J. Molecular Biomarkers for Embryonic and Adult Neural Stem Cell and
Neurogenesis. BioMed Research International 2015, (2015).

Ferri A., Cavallaro M., Braida D., Di Cristofano A., Canta A., Vezzani A., Ottolenghi S.,
Pandolfi P.P., Sala M., DeBiasi S., N. S. K. Sox2 deficiency causes neurodegeneration and
impaired neurogenesis in the adult mouse brain. Development 131, 3805-3819 (2004).
Gusel’nikova, V. v. & Korzhevskiy, D. E. NeuN as a neuronal nuclear antigen and neuron
differentiation marker. Acta Naturae 7, 42—47 (2015).

Yang, Z. & Wang, K. K. W. Glial fibrillary acidic protein: From intermediate filament
assembly and gliosis to neurobiomarker. Trends in Neurosciences vol. 38 364-374 (2015).
Gongalves, J. T., Schafer, S. T. & Gage, F. H. Adult Neurogenesis in the Hippocampus: From
Stem Cells to Behavior. Cell 167, 897-914 (2016).

Zhao, C., Deng, W. & Gage, F. H. Mechanisms and Functional Implications of Adult
Neurogenesis. Cell 132, 645-660 (2008).

Colucci-D’amato, L., Speranza, L. & Volpicelli, F. Neurotrophic factor bdnf, physiological
functions and therapeutic potential in depression, neurodegeneration and brain cancer.
International Journal of Molecular Sciences vol. 21 1-29 (2020).

Niklison-Chirou, M. V., Agostini, M., Amelio, I. & Melino, G. Regulation of adult
neurogenesis in mammalian brain. International Journal of Molecular Sciences vol. 21 1-21
(2020).

Hodge, R. D. & Hevner, R. F. Expression and actions of transcription factors in adult
hippocampal neurogenesis. Developmental Neurobiology 71, 680—689 (2011).

Boku, S., Nakagawa, S. & Koyama, T. Glucocorticoids and Lithium in Adult Hippocampal
Neurogenesis. in Vitamins and Hormones vol. 82 421-431 (Vitam Horm, 2010).
Varela-Nallar, L. & Inestrosa, N. C. Wnt signaling in the regulation of adult hippocampal
neurogenesis. Frontiers in Cellular Neuroscience 7, (2013).

Peltier, J., O’Neill, A. & Schaffer, D. v. PI3K/Akt and CREB regulate adult neural
hippocampal progenitor proliferation and differentiation. Developmental Neurobiology 67,
1348-1361 (2007).

Llorens-Martin, M., Jurado, J., Hernandez, F. & AVila, J. GSK-3p, a pivotal kinase in
Alzheimer disease. Frontiers in Molecular Neuroscience vol. 7 (2014).

Zheng R., Zhang Z. H., Chen C., Chen Y., Shi Zheng J., Qiong L., Jia Zuan N., Song, G.
Selenomethionine promoted hippocampal neurogenesis via the PI3K-Akt-GSK3p-Wnt
pathway in a mouse model of Alzheimer’s disease. Biochemical and Biophysical Research
Communications vol. 485 6—-15 (2017).

Nakagawa S., Kim J.E., Lee R., Malberg J.E., Chen J., Steffen C., Zhang Y.J., Nestler E.J.,
Duman R., S. Regulation of Neurogenesis in Adult Mouse Hippocampus by cAMP and the
cAMP Response Element-Binding Protein. Journal of Neuroscience 22, 3673-3682 (2002).
Merz K., Herold S., Lie D., C. CREB in adult neurogenesis - master and partner in the
development of adult-born neurons? European Journal of Neuroscience 33, 1078—1086
(2011).

Carlezon, W. A., Duman, R. S. & Nestler, E. J. The many faces of CREB. Trends in
Neurosciences 28, 436—445 (2005).

Pakdeepak K., Chokchaisiri R., G. P. & Tocharus C., Suksamrarn A., T. J. 5,6,7,4'-
Tetramethoxyflavanone alleviates neurodegeneration in a dexamethasone-induced

44



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

neurodegenerative mouse model through promotion of neurogenesis via the Raf/ERK1/2
pathway. Phytotherapy Research 35, 25362544 (2021).

Rueda, D., Navarro, B., Martinez-Serrano, A., Guzman, M. & Galve-Roperh, 1. The
endocannabinoid anandamide inhibits neuronal progenitor cell differentiation through
attenuation of the Rap1/B-Raf/ERK pathway. Journal of Biological Chemistry 277, 46645—
46650 (2002).

Lane, C. A., Hardy, J. & Schott, J. M. Alzheimer’s disease. European Journal of Neurology
25, 5970 (2018).

Choi, Bylykbashi, Chatila, Lee, Pulli, Clemenson, Kim, Rompala, Oram, Asselin, Aronson,
Zhang, Miller, Lesinski, Chen, Kim, Van Praaga, Spiegelman, Gage, Tanzi. Combined adult
neurogenesis and BDNF mimic exercise effects on cognition in an Alzheimer’s mouse model.
Science 361, (2018).

Armstrong, R. A. Risk factors for Alzheimer’s disease. Folia Neuropathologica vol. 57 87—
105 (2019).

Lloret, A., Fuchsberger, T., Giraldo, E. & Viia, J. Molecular mechanisms linking amyloid 3
toxicity and Tau hyperphosphorylation in Alzheimers disease. Free Radical Biology and
Medicine 83, 186—191 (2015).

Mucke, L. & Selkoe, D. J. Neurotoxicity of amyloid B-protein: Synaptic and network
dysfunction. Cold Spring Harbor Perspectives in Medicine 2, (2012).

Turner, R. S. Alzheimer’s disease. in Neurogenetics: Scientific and Clinical Advances vol. 362
643-661 (N Engl J Med, 2005).

Soria Lopez, J. A., Gonzalez, H. M. & Léger, G. C. Alzheimer’s disease. in Handbook of
Clinical Neurology vol. 167 231-255 (Handb Clin Neurol, 2019).

Golde, T. E., Eckman, C. B. & Younkin, S. G. Biochemical detection of AP isoforms:
Implications for pathogenesis, diagnosis, and treatment of Alzheimer’s disease. Biochimica et
Biophysica Acta - Molecular Basis of Disease vol. 1502 172—-187 (2000).

Ingelsson, M., Fukumoto, H., Newell, K. L., Growdon, J. H., Hedley-Whyte, E. T. Frosch, M.
P., Albert, M. S., Hyman, B. T., Irizarry, M, C. Early AP accumulation and progressive
synaptic loss, gliosis, and tangle formation in AD brain. Neurology 62, 925-931 (2004).
Holtzman, David M., Carrillo, Maria C., Hendrix, James A., Bain, Lisa J. Catafau, Ana M.,
Gault, Laura M., Goedert, Michel, Mandelkow, Eckhard, Mandelkow, Eva Maria, Miller,
David S., Ostrowitzki, Susanne, Polydoro, Manuela, Smith, Sean, Wittmann, Marion, M. Tau:
From research to clinical development. Alzheimer’s and Dementia vol. 12 1033—1039 (2016).
Brion, J. P. Neurofibrillary tangles and Alzheimer’s disease. European Neurology vol. 40 130—
140 (1998).

Hernandez, Félix, de Barreda, E. G. & Fuster-Matanzo, Almudena, Goiii-Oliver, Paloma,
Lucas, José J., Avila, J. The role of GSK3 in Alzheimer disease. Brain Research Bulletin 80,
248-250 (2009).

Kiaris, H., Chatzistamou, 1., Papavassiliou, A. G. & Schally, A. v. Growth hormone-releasing
hormone: Not only a neurohormone. Trends in Endocrinology and Metabolism 22, 311-317
(2011).

Guillemin, R, Brazeau, P, Bohlen, P, Esch, F, Ling, N, Wehrenberg, W. B. Growth hormone-
releasing factor from a human pancreatic tumor that caused acromegaly. Science 218, 585-587
(1982).

Rivier, J., Spiess, J., Thorner, M. & Vale, W. Characterization of a growth hormone-releasing
factor from a human pancreatic islet tumour. Nature 300, 276278 (1982).

Reichlin, S. Growth hormone content of pituitaries from rats with hypothalamic lesions.
Endocrinology 69, 225-230 (1961).

Granata, R. Peripheral activities of growth hormone-releasing hormone. Journal of
Endocrinological Investigation vol. 39 721-727 (2016).

Wajnrajch, M. P., Gertner, J. M., Harbison, M. D., Chua, S. C. & Leibel, R. L. Nonsense
mutation in the human growth hormone-releasing hormone receptor causes growth failure
analogous to the little (lit) mouse. Nature Genetics 12, 88-90 (1996).

Netchine, Talon, Dastot, Vitaux, Goossens, Amselem, S. Extensive Phenotypic Analysis of a
Family with Growth Hormone (GH) Deficiency Caused by a Mutation in the GH-Releasing
Hormone Receptor Gene. The Journal of Clinical Endocrinology & Metabolism 83, 432-436
(1998).

Kiaris, H., Schally, A. v. & Kalofoutis, A. Extrapituitary Effects of the Growth Hormone-
Releasing Hormone. in Vitamins and hormones vol. 70 1-24 (2005).

Lin-Su, K. & Wajnrajch, M. P. Growth Hormone Releasing Hormone (GHRH) and the GHRH
Receptor. Reviews in Endocrine & Metabolic Disorders vol. 3 (2002).

Granata R., Trovato L., Gallo M.P., Destefanis S., Settanni F., Scarlatti F., Brero A., Ramella
R., Volante M., Isgaard J., Levi R., Papotti M., Alloatti, G., Ghigo, E. Growth hormone-

45



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

releasing hormone promotes survival of cardiac myocytes in vitro and protects against
ischaemia-reperfusion injury in rat heart. Cardiovascular Research 83, 303—312 (2009).
Gallo D., Gesmundo 1., Trovato L., Pera G., Gargantini E., Minetto M. A.,Ghigo E., Granata,
R. GH-releasing hormone promotes survival and prevents TNF-a-induced apoptosis and
atrophy in C2C12 myotubes. Endocrinology 156, 3239-3252 (2015).

Annunziata M., Grande C., Scarlatti F., Deltetto F., Delpiano E., Camanni M., Ghigo E.,
Granata, R. The growth hormone-releasing hormone (GHRH) antagonist JV-1-36 inhibits
proliferation and survival of human ectopic endometriotic stromal cells (ESCs) and the T
HESC cell line. Fertility and Sterility 94, 841-849 (2010).

Matsubara, S., Sato, M., Mizobuchi, M., Niimi, M. & Takahara, J. Differential gene expression
of growth hormone (GH)-releasing hormone (GRH) and GRH receptor in various rat tissues.
Endocrinology 136, 4147-4150 (1995).

Christodoulou, C., Schally, A. V., Chatzistamou, I., Kondi-Pafiti, A., Lamnissou, K.,
Kouloheri, S., Kalofoutis, A., Kiaris, H. Expression of growth hormone-releasing hormone
(GHRH) and splice variant of GHRH receptors in normal mouse tissues. Regulatory Peptides
136, 105-108 (2006).

Barabutis, N. & Schally, A. v. Growth hormone-releasing hormone: Extrapituitary effects in
physiology and pathology. Cell Cycle 9,4110-4116 (2010).

Rekasi, Z., Czompoly, T., Schally, A. v. & Halmos, G. Isolation and Sequencing of cDNAs
for Splice Variants of Growth Hormone-Releasing Hormone Receptors from Human Cancers.
Proceedings of the National Academy of Sciences of the United States of America vol. 97
10561-1056.

Schally, Zhang, Cai, Hare, Granata, Bartoli, M. Actions and Potential Therapeutic
Applications of Growth Hormone-Releasing Hormone Agonists. Endocrinology 160, 1600—
1612 (2019).

Zhang X., Cui T., He J., Wang H., Cai R., Popovics P., Vidaurre I., Sha W., Schmid J., Ludwig
B., Block N.L., Bornstein S.R., Schally, A. v. Beneficial effects of growth hormone-releasing
hormone agonists on rat INS-1 cells and on streptozotocin-induced NOD/SCID mice.
Proceedings of the National Academy of Sciences of the United States of America 112, 13651—
13656 (2015).

Green, 1. C., Southern, C. & Ray, K. Mechanism of action of growth-hormone-releasing
hormone in stimulating insulin secretion in vitro from isolated rat islets and dispersed islet
cells. Hormone research 33, 199-204 (1990).

Penna C., Settanni F., Tullio F., Trovato L., Pagliaro P., Alloatti G., Ghigo E., Granata, R. GH-
releasing hormone induces cardioprotection in isolated male rat heart via activation of RISK
and SAFE pathways. Endocrinology 154, 1624—1635 (2013).

Gesmundo I., Miragoli M., Carullo P., Trovato L., Larcher V., Di Pasquale E., Brancaccio M.,
Mazzola M., Villanova T., Sorge M., T. M. & Gallo M.P., Alloatti G., Penna C., Hare J.M.,
Ghigo E., Schally A.V., Condorelli G., Granata, R. Growth hormone-releasing hormone
attenuates cardiac hypertrophy and improves heart function in pressure overload-induced heart
failure. Proceedings of the National Academy of Sciences of the United States of America 114,
12033-12038 (2017).

Stepien, T., Lawnicka, H., Komorowski, J., Stepien, H. & Siejka, A. Growth hormone-
releasing hormone stimulates the secretion of interleukin 17 from human peripheral blood
mononuclear cells in vitro. Neuro endocrinology letters 31, 852—6 (2010).

Khorram, O., Yeung, M., Vu, L. & Yen, S. S. C. Effects of [Norleucine 27 ]|Growth Hormone-
Releasing Hormone (GHRH) (1-29)-NH 2 Administration on the Immune System of Aging
Men and Women 1. The Journal of Clinical Endocrinology & Metabolism 82, 3590-3596
(1997).

Lucas R., Sridhar S., Rick F.G., Gorshkov B., Umapathy N.S., Yang G., Oseghale A., Verin
A.D., Chakraborty T., Matthay M.A., Zemskov E. A., White R., Block N.L., Schally, A. V.
Agonist of growth hormone-releasing hormone reduces pneumolysin-induced pulmonary
permeability edema. Proceedings of the National Academy of Sciences 109, 2084—-2089
(2012).

Stanley, T. L. & Grinspoon, S. K. Effects of growth hormone-releasing hormone on visceral
fat, metabolic, and cardiovascular indices in human studies. Growth Hormone & IGF Research
25, 59-65 (2015).

Cui T., Jimenez J.J., Block N.L., Badiavas E.V., Rodriguez-Menocal L., Granda A.V., Cai R.,
Sha W., Zarandi M., Perez R., Schally, A. v. Agonistic analogs of growth hormone releasing
hormone (GHRH) promote wound healing by stimulating the proliferation and survival of
human dermal fibroblasts through ERK and AKT pathways. Oncotarget 7, 52661-52672
(2016).

46



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

Qin, Chan, Chong, Li, Ng, Yip, Chen, Zhang, Block, Cheung, Schally, Pang, C. Antagonist of
GH-releasing hormone receptors alleviates experimental ocular inflammation. Proceedings of
the National Academy of Sciences of the United States of America 111, 18303—18308 (2014).
Villanova T., Gesmundo 1., Audrito V., Vitale N., Silvagno F., Musuraca C., Righi L., Libener
R., Riganti C., Bironzo P., Deaglio S., Papotti M., Cai R., Sha W.Ghigo E., Schally, A.V.,
Granata, R. Antagonists of growth hormone-releasing hormone (GHRH) inhibit the growth of
human malignant pleural mesothelioma. Proceedings of the National Academy of Sciences of
the United States of America 116, 22262231 (2019).

Gesmundo 1., Granato G., Fuentes-Fayos A. C., Alvarez C. V., Dieguez C., Zatelli M.C,,
Congiusta N., Banfi D., Prencipe N., Leone S., Brunetti L., Castafio J. P., Luque, R. M., Cai
R., Sha W., Ghigo E., Schally A.V., Granata, R. Antagonists of growth hormone-releasing
hormone inhibit the growth of pituitary adenoma cells by hampering oncogenic pathways and
promoting apoptotic signaling. Cancers 13, (2021).

Schally, A. v, Varga, J. L. & Engel, J. B. Antagonists of growth-hormone-releasing hormone:
an emerging new therapy for cancer. Nature Clinical Practice Endocrinology & Metabolism
4, 33-43 (2008).

Kovacs, M., Gulyas, J., Bajusz, S. & Schally, A. v. An evaluation of intravenous,
subcutaneous, and in vitro activity of new agmatine analogs of growth hormone-releasing
hormone hGH-RH(1-29)NH2. Life Sciences (1988) doi:10.1016/0024-3205(88)90621-2.
Bagno, Kanashiro-Takeuchi, Suncion, Golpanian, Karantalis, Wolf, Wang, Premer, Balkan,
Rodriguez, Valdes, Rosado, Block, Goldstein, Morales, Cai, Sha, Schally, Hare, J. Growth
hormone-releasing hormone agonists reduce myocardial infarct scar in swine With subacute
ischemic cardiomyopathy. Journal of the American Heart Association (2015)
doi:10.1161/JAHA.114.001464.

Telegdy, G., Tanaka, M. & Schally, A. v. Effects of the growth hormone-releasing hormone
(GH-RH) antagonist on brain functions in mice. Behavioural Brain Research 224, 155-158
(2011).

Muiioz-Moreno, Arenas, Carmena, Schally, Sanchez-Chapado, Prieto, Bajo, A, M. Anti-
proliferative and pro-apoptotic effects of GHRH antagonists in prostate cancer. Oncotarget 7,
52195-52206 (2016).

Koster, Jin, Shen, Schally, Cai, Block, Hornung, Marschner, Rody, Engel, Finas, D. Effects of
an Antagonistic Analog of Growth Hormone-Releasing Hormone on Endometriosis in a Mouse
Model and in Vitro. Reproductive Sciences 24, 1503—1511 (2017).

Cai, Schally, Cui, Szalontay, Halmos, Sha, Kovacs, Jaszberenyi, He, Rick, Popovics,
Kanashiro-Takeuchi, Hare, Block, Zarandi, M. Synthesis of new potent agonistic analogs of
growth hormone-releasing hormone (GHRH) and evaluation of their endocrine and cardiac
activities. Peptides 52, 104-112 (2014).

Zarandi, Cai, Kovacs, Popovics, Szalontay, Cui, Sha, Jaszberenyi, Varga, Zhang, Block, Rick,
Halmos, Schally, A. V. Synthesis and structure-activity studies on novel analogs of human
growth hormone releasing hormone (GHRH) with enhanced inhibitory activities on tumor
growth. Peptides 89, 60-70 (2017).

Piriz, J., Muller, A., Trejo, J. L. & Torres-Aleman, 1. IGF-I and the aging mammalian brain.
Experimental Gerontology 46, 96-99 (2011).

Fernandez, A. M. & Torres-Aleman, I. The many faces of insulin-like peptide signalling in the
brain. Nature Reviews Neuroscience vol. 13 225-239 (2012).

Sonntag, W. E., Ramsey, M. & Carter, C. S. Growth hormone and insulin-like growth factor-
1 (IGF-1) and their influence on cognitive aging. Ageing Research Reviews vol. 4 195-212
(2005).

Sonntag, Lynch, Thornton, Khan, Bennett, Ingram, R. The effects of growth hormone and IGF-
1 deficiency on cerebrovascular and brain ageing. Journal of Anatomy 197, 575-585 (2000).
Hong, M. & Lee, V. M. Y. Insulin and insulin-like growth factor-1 regulate tau
phosphorylation in cultured human neurons. Journal of Biological Chemistry 272, 19547—
19553 (1997).

Dor¢, S., Kar, S. & Quirion, R. Insulin-like growth factor I protects and rescues hippocampal
neurons against f-amyloid- and human amylin-induced toxicity. Proceedings of the National
Academy of Sciences of the United States of America 94, 47724777 (1997).

Carro, E., Trejo, J. L., Gomez-Isla, T., LeRoith, D. & Torres-Aleman, I. Serum insulin-like
growth factor I regulates brain amyloid- levels. Nature Medicine 8, 1390-1397 (2002).
Luppi, Fioravanti, Bertolini, Inguscio, Grugnetti, Guerriero, Rovelli, Cantoni, Guagnano,
Marazzi, Rolfo, Ghianda, Levante, Guerrini, Bonacasa, Solerte, S. B. Growth factors decrease
in subjects with mild to moderate Alzheimer’s disease (AD): potential correction with
dehydroepiandrosterone-sulphate (DHEAS). Archives of gerontology and geriatrics 49 Suppl
1, 173-184 (2009).

47



&3.

&4.

85.

86.

&7.
88.

&9.

90.

91.

92.

93.

94.

95.

96.

917.

98.

99

100,
101.
102.
103.

104.
105.
106.

107.

Banks, Morley, Farr, Price, Ercal, Vidaurreg, Schally, A. V. Effects of a growth hormone-
releasing hormone antagonist on telomerase activity, oxidative stress, longevity, and aging in
mice. Proceedings of the National Academy of Sciences of the United States of America 107,
22272-22277 (2010).

Jaszberenyi, M. et al. Beneficial effects of novel antagonists of GHRH in different models of
Alzheimersts’s disease. Aging 4, 755-767 (2012).

Baker, Barsness, Borson, Merriam, Friedman, Craft, Vitiello, M. V. Effects of growth
hormone-releasing hormone on cognitive function in adults with mild cognitive impairment
and healthy older adults: Results of a controlled trial. Archives of Neurology 69, 1420-1429
(2012).

Hallschmid, M., Wilhelm, I. *, Michel, C., Perras, B. & Born, J. A Role for Central Nervous
Growth Hormone-Releasing Hormone Signaling in the Consolidation of Declarative
Memories. PLoS ONE 6, 23435 (2011).

Obal, F. & Krueger, J. M. GHRH and sleep. Sleep Medicine Reviews 8, 367-377 (2004).

Fan Liaoa, Tony J. Zhanga, Thomas E. Mahana, Hong Jianga, D. M. H. Effects of growth
hormone-releasing hormone on sleep and brain interstitial fluid amyloid-f in an APP
transgenic mouse model. Physiology & behavior 176, 139—148 (2017).

Kiinzel, Held, Schmidt, Ziegenbein, Murck, Steiger, A. Sleep-endocrine effects of growth
hormone-releasing hormone (GHRH) in patients with schizophrenia. Journal of Psychiatric
Research 101, 1-4 (2018).

Nair, D., Ramesh, V., Li, R. C., Schally, A. v. & Gozal, D. Growth hormone releasing hormone
(GHRH) signaling modulates intermittent hypoxia-induced oxidative stress and cognitive
deficits in mouse. Journal of Neurochemistry 127, 531-540 (2013).

Aimone, Li, Lee, Clemenson, Deng, Gage, F. H. Regulation and function of adult
neurogenesis: from genes to cognition. Physiological reviews vol. 94 991-1026 (2014).
Gargantini E., Lazzari L., Settanni F., Taliano M., Trovato L., Gesmundo I., Ghigo E., Granata,
R. Obestatin promotes proliferation and survival of adult hippocampal progenitors and reduces
amyloid-B-induced toxicity. Molecular and Cellular Endocrinology 422, 18-30 (2016).
Gesmundo 1., Villanova T., Gargantini E., Arvat E., Ghigo E., Granata, R. The
mineralocorticoid agonist fludrocortisone promotes survival and proliferation of adult
hippocampal progenitors. Frontiers in Endocrinology 7, 1-10 (2016).

Fabel, K. & Kempermann, G. Physical activity and the regulation of neurogenesis in the adult
and aging brain. NeuroMolecular Medicine vol. 10 59-66 (2008).

Gesmundo I. Silvagno F., Banfi D., Monica V., Fanciulli A., Gamba G., Congiusta N., Libener
R., Riganti C., Ghigo E., Granata, R. Calcitriol Inhibits Viability and Proliferation in Human
Malignant Pleural Mesothelioma Cells. Frontiers in Endocrinology 11, (2020).

Boczek, Cameron, Yu, Xia, Shah, Chabeco, Galvao, Nahmou, Li, Thakur, Goldberg, Kapiloff,
M. S. Regulation of neuronal survival and axon growth by a perinuclear cAMP compartment.
Journal of Neuroscience 39, 5466-5480 (2019).

Dworkin, S. & Mantamadiotis, T. Targeting CREB signalling in neurogenesis. Expert Opinion
on Therapeutic Targets vol. 14 869—879 (2010).

Atkins, C. M., Selcher, J. C., Petraitis, J. J., Trzaskos, J. M. & Sweatt, J. D. The MAPK cascade
is required for mammalian associative learning. Nature Neuroscience 1, 602—609 (1998).
Gage, F. H. Mammalian neural stem cells. Science vol. 287 1433—-1438 (2000).

Richardson, M. P., Strange, B. A. & Dolan, R. J. Encoding of emotional memories depends on
amygdala and hippocampus and their interactions. Nature Neuroscience T, 278285 (2004).
Mu, Y. & Gage, F. H. Adult hippocampal neurogenesis and its role in Alzheimer’s disease.
Molecular Neurodegeneration 6, 85 (2011).

Lazarov, O. & Marr, R. A. Neurogenesis and Alzheimer’s disease: At the crossroads.
Experimental Neurology 223, 267-281 (2010).

Grote, H. E. & Hannan, A. J. Regulators of adult neurogenesis in the healthy and diseased
brain. Clinical and Experimental Pharmacology and Physiology 34, 533-545 (2007).

Aberg, Aberg, Palmer, Alborn, Carlsson-Skwirut, Bang, Rosengren, Olsson, Gage, Eriksson,
P. S. IGF-I has a direct proliferative effect in adult hippocampal progenitor cells. Molecular
and Cellular Neuroscience 24, 23—40 (2003).

Aberg, Johansson, Aberg, Lind, Johansson, Cooper-Kuhn, Kuhn, Isgaard, J. Peripheral
administration of GH induces cell proliferation in the brain of adult hypophysectomized rats.
Journal of Endocrinology 201, 141-150 (2009).

Brunet, A., Datta, S. R. & Greenberg, M. E. Transcription-dependent and -independent control
of neuronal survival by the PI3K-Akt signaling pathway. Current Opinion in Neurobiology
vol. 11 297-305 (2001).

Takei, N. & Nawa, H. mTOR signaling and its roles in normal and abnormal brain
development. Frontiers in Molecular Neuroscience 7, 1-12 (2014).

48



108.

109.

Ma, Hoeffer, Capetillo-Zarate, Yu, Wong, Lin, Tampellini, Klann, Blitzer, Gouras, G. K.
Dysregulation of the mTOR pathway mediates impairment of synaptic plasticity in a mouse
model of Alzheimer’s disease. PLoS ONE 5, 1-10 (2010).

Jaeger, L. B., Banks, W. A., Varga, J. L. & Schally, A. v. Antagonists of growth hormone-
releasing hormone cross the blood-brain barrier: A potential applicability to treatment of brain
tumors. Proceedings of the National Academy of Sciences of the United States of America 102,
12495-12500 (2005).

49



