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Resumo

Hormonas peptidicas como a insulina, leptina e grelina sdo sobretudo conhecidas pela
sua funcdo na regulagao do apetite. No entanto evidéncias experimentais recentes tém
sugerido que estes peptideos, para além da sua fungdo no hipotalamo como moduladores do

apetite, podem também desempenhar amplos papéis na modulagao das fungdes cerebrais.

A grelina, um peptideo de 28 aminoacidos, € um regulador da libertagdo da hormona
de crescimento, e um estimulador do apetite secretado a partir do estdmago vazio.
Observagbes experimentais recentes demonstram que a grelina entra no hipocampo,
melhorando processos de memoria dependentes desta estrutura cerebral. Deste modo, a
grelina pode representar a associagdo molecular entre capacidades de aprendizagem e o
comportamento alimentar e metabolismo energético. Esta associagao podera ser importante no
sentido de assegurar a capacidade de localizar fontes de alimento, de recordar tais locais e se
todo o alimento disponivel foi consumido. Estas capacidades constituem importantes aptiddes
evolutivas que permitem a sobrevivéncia. Contudo, os mecanismos moleculares que estdo na
base dos efeitos da grelina como agente potenciador das capacidades cognitivas relacionadas

com o hipocampo nao se encontram ainda completamente esclarecidos.

Estudos de imunocitoquimica demonstraram que o receptor da grelina apresenta uma
distribuicdo ponteada em neurénios do hipocampo em cultura, com uma fracgao significativa do
receptor a localizar-se em sinapses glutamatérgicas. Além disso, o receptor da grelina foi
identificado em fracgdes sinapticas purificadas a partir de hipocampo de ratos adultos. Este
padrao de localizagéo sinaptica do receptor da grelina sugere uma possivel fungédo da grelina
na modulagao da transmissao sinaptica excitatéria. Para testar esta hipétese comegamos por
tratar culturas de neurdnios do hipocampo com um agonista do receptor da grelina (MK-0677),
e realizamos uma andlise de imunofluorescéncia quantitativa com o objectivo de avaliar a
expressao superficial sinaptica de GluA1, uma subunidade dos receptores de glutamato do tipo
AMPA (AMPARSs). Recorrendo a esta abordagem experimental observamos que o tratamento
com MK-0677 levou a um aumento dos niveis de GIuA1 a superficie dos neurénios e na

sinapse.

Com o objectivo de determinar directamente se a grelina induz a inser¢do de novos
AMPARs na sinapse, a subunidade GIuA1 ligada a GFP (GIuA1-GFP) foi expressa em
neurdnios da regido CA1 em fatias organotipicas do hipocampo. Observamos que o tratamento
com grelina, ou com o agonista do receptor da grelina, aumentam a insercdo sinaptica de
AMPARs homomeéricos contendo GIuA1-GFP. Estes resultados sugerem fortemente que a

activacdo do receptor da grelina induz a insergao sinaptica de AMPARs que contém a
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subunidade GIuA1. Com o objectivo de verificar se a activagdo do receptor da grelina produz
uma alteragdo funcional na sinapse CA3-CA1 do hipocampo, fatias organotipicas foram
incubadas com o agonista, e em seguida foram realizados registos electrofisiolégicos. Apds a
inducdo de respostas sinapticas a partir de neurénios da regido CA1, os racios entre as
correntes mediadas por receptores do tipo AMPA/NMDA e NMDA/GABA foram calculados.
Observamos que o racio entre as correntes AMPA/NMDA aumentou apds o tratamento com
MK-0677, enquanto o racio entre as correntes NMDA/GABA n&o se alterou. No seu conjunto,
estes resultados demonstram que a activagdo do receptor da grelina aumenta a transmisséo
sinaptica mediada por receptores do tipo AMPA no hipocampo, através da inser¢ao sinaptica
de AMPARs que contém GIuA1.

Observamos também que o tratamento com MK-0677 aumenta dramaticamente a
expresséo da potenciagao de longa duragdo (LTP) dependente de receptores de glutamato do
tipo NMDA na sinapse CA3-CA1 do hipocampo. Além disso, verificamos que apds indugéo de
LTP quimico (um modelo de LTP para neurénios do hipocampo em cultura), em neurénios
previamente sujeitos ao agonista, existe um aumento do enderegcamento sinaptico de
receptores endogenos do tipo AMPA contendo a subunidade GluA1. Este resultado
experimental demonstra que a activagao do receptor da grelina aumenta a insergao sinaptica
de AMPARSs, o que leva a facilitagcdo da expressao de eventos relacionados com LTP. Uma vez
que alteragbes na forga sinaptica sdo consideradas como sendo o alvo celular para o
armazenamento de memoéria no cérebro, o efeito da activagdo do receptor da grelina na
plasticidade sinaptica do hipocampo podera justificar a acgdo da grelina como um agente

potenciador da cognicao.

As alteragdes causadas pela activagédo do receptor da grelina, no trafego de receptores
do tipo AMPA e que alteram as caracteristicas funcionais da transmissao sinaptica excitatoria e
a expressao de LTP, foram acompanhadas por aumentos quer na fosforilagido de GluA1, quer
na fosforilagdo de uma proteina associada aos receptores do tipo AMPA, designada por
stargazina. Além disso, observamos também a activagcéo das vias de sinalizagédo responsaveis
pela fosforilagdo destes alvos moleculares, os quais se sabe serem necessarios para a indugao

de insergdo sinaptica de AMPARSs e expressao de LTP.

Finalmente, obtivemos evidéncias que indicam que a fung¢do do receptor da grelina na
regulacdo da transmissao sinaptica mediada por receptores do tipo AMPA no hipocampo é
regulada ao longo do desenvolvimento. Enquanto em fatias organotipicas do hipocampo mais
jovens as acg¢des mediadas pelo receptor sdo dependentes do ligando, em fatias mais velhas é
a actividade constitutiva do receptor da grelina que regula a transmissdo mediada por
AMPARS.
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Em conclusdo as observagbes experimentais aqui descritas sugerem que as
propriedades da grelina como agente potenciador da cognigcdo sdo mediadas pela sua
capacidade de aumentar a insergao sinaptica de receptores do tipo AMPA que contém GIuA1
no hipocampo. Este processo celular € um dos mais bem caracterizados como sendo
necessario para as alteragdes de longa duracdo na forga sinaptica que estdo na base da

formacao de meméoria e aprendizagem.
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Abstract

Peptide hormones such as insulin, leptin and ghrelin are well known for their role in the
regulation of appetite. Recent evidence suggests that these peptides, in addition to acting on

the hypothalamus to modulate food intake, may play wider roles in modulating brain functions.

Ghrelin, a 28 amino acids peptide, is a regulator of growth hormone release, and an
appetite-stimulating hormone, secreted from the empty stomach. Recent data show that ghrelin
enters the hippocampus, enhancing hippocampal-dependent memory processes. Thus, ghrelin
may represent the molecular link between learning capabilities associated to feeding behavior
and energy metabolism, ensuring the ability to locate food sources, remember those locations,
and recall whether all available food has been consumed, which are evolutionarily important
skills for survival. However the molecular mechanisms that underlie the effects of ghrelin as a

hippocampal cognitive enhancer are still not completely understood.

Immunocytochemistry analysis showed that the ghrelin receptor presents a punctate
distribution in hippocampal cultured neurons, with a significant population of ghrelin receptors
localized to glutamatergic synapses. Moreover, the ghrelin receptor was found in synaptic
fractions obtained from adult rat hippocampi. This synaptic localization of the ghrelin receptor
suggests a possible involvement of ghrelin in modulating excitatory synaptic transmission. To
start testing this hypothesis hippocampal cultured neurons were treated with a ghrelin receptor
agonist (MK-0677) and quantitative immunofluorescence analysis was performed to analyze the
synaptic cell surface expression of GluA1, a subunit of the AMPA-type glutamate receptors
(AMPARSs). Treatment with MK-0677 led to an increase in cell surface GluA1 levels colocalized

with an excitatory synaptic marker.

To directly determine whether ghrelin induces the delivery of new AMPARs into
synapses, the GFP-tagged GluA1 subunit (GluA1-GFP) was expressed in CA1 neurons in
organotypic hippocampal slice cultures. Slice treatment with ghrelin or with the ghrelin receptor
agonist increased the synaptic delivery of homomeric GIuA1-GFP AMPARs in activity-
dependent manner. These data strongly suggest that activation of the orexigenic ghrelin
hormone receptor induces synaptic delivery of GluA1-containing AMPARs. To test whether
ghrelin receptor activation produces a functional change at excitatory CA3-CA1 synapse,
organotypic hippocampal slices were treated with the ghrelin receptor agonist and
electrophysiological recordings were performed. Synaptic responses were evoked, and the
ratios between AMPA/NMDA and NMDA/GABA currents recorded from CA1 neurons were
calculated. The AMPA/NMDA ratio of synaptic responses significantly increased after MK-0677

treatment, while the NMDA/GABA ratio was found to be unaltered. Altogether, these results
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suggest that the ghrelin receptor activation increases AMPARs-mediated synaptic transmission
in the hippocampus, by inducing delivery of GluA1-containing AMPARSs receptors into

synapses.

Moreover, we found that MK-0677 treatment dramatically enhanced NMDARs-
dependent long-term potentiation (LTP) expression in the hippocampal CA3-CA1 synapse.
Agonist application also increased the synaptic trafficking of endogenous GluA1-containing
AMPARSs in hippocampal cultured neurons upon chemical LTP induction (a model for LTP in
hippocampal cultures). These findings suggest that ghrelin receptor activation increases the
AMPARs delivery to synapses, facilitating the expression of LTP-like events. Given that
changes in synaptic strength are considered the cellular substrate for memory storage in the
brain, the effect of ghrelin receptor activation on hippocampal synaptic plasticity may underlie

the cognition enhancing properties of ghrelin.

The changes in AMPARs trafficking, and consequent functional alterations in
hippocampal excitatory synaptic transmission and LTP expression, triggered by ghrelin receptor
activation, were accompanied by increases in the phosphorylation of GluA1, as well as in the
AMPARs-associated protein stargazin. Moreover, we observed an increase in the activation of
the signalling pathways responsible for the phosphorylation of these molecular targets, which
are known to be required for the induction of AMPARs synaptic trafficking, and for LTP

expression.

Finally, we obtained evidence for a developmentally regulated function of ghrelin
receptor activation on AMPARs-mediated synaptic transmission. Whereas in young
hippocampal slices the action of the ghrelin receptor is dependent on ligand-dependent
activation, in more mature hippocampal slices the constitutive activity of the ghrelin receptor

regulates AMPAR-mediated transmission.

In conclusion, these findings point to a scenario in which the cognitive enhancing
properties of ghrelin are likely mediated by its potential to increase the synaptic trafficking of
GluA1-containing AMPARSs, one of the most well characterized cellular processes required for

the long lasting changes in synaptic strength underlying learning and memory formation.
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Introduction

Ghrelin

A Novel Hormone from the Stomach

In December 1999, an endogenous ligand of the growth hormone secretagogue
receptor type 1a (GHS-R1a or ghrelin receptor) was first reported (Kojima et al., 1999). It was
named ghrelin (Figure 1), based on “ghre”, a word root in Proto-Indo-European languages for
“growth”, in reference to its ability to stimulate growth hormone (GH) release (reviewed in
Kojima, 2008). Ghrelin is a 28-amino acid peptide originally purified from the rat stomach
(Kojima et al., 1999) in which the third N-terminus amino acid, a serine residue (Ser®), is post-
translational modified with a 8-carbon acyl group (octanoylation). In other words, the hydrogen
atom of the hydroxyl of Ser’is replaced by a hydrophobic moiety, C;H1sCO (octanoyl group).
This post-translation modification is essential for ghrelin’s activity and so far unique to this
peptide, as no other naturally occurring peptides have been shown to have this acyl group as a

post-translation modification.

Human . iat
N @S P DEOPEH QR
ROOOR®AQ

Kee®®RD@E® oo

n-octanoyl group (C8:0)

Figure 1. Structure of human and rat ghrelin. Both human and rat ghrelin are 28-amino acid
peptides, in which Ser® is modified by a fatty acid, n-octanoic acid. This modification is essential
for ghrelin’s activity. [Reproduced from (Kojima and Kangawa, 2005)].

The discovery of ghrelin is the result of a typical story of reverse pharmacology, which
started with the discovery of synthetic, non-natural growth-hormone-releasing peptides (GHRP),
also designated growth hormone secretagogues (GHS), now classified as ghrelin mimetics.
GHSs are synthetic compounds that are potent stimulators of GH release, working through a G
protein-coupled receptor (GPCR), the GHS-receptor (GHS-R) (Howard et al., 1996; Pong et al.,
1996; Korbonits et al., 1999). In their pioneering work, Bowers and co-workers demonstrated
that small synthetic peptides derived from the natural opiate met-enkephalin specifically release
GH in vitro (Bowers et al., 1980). Although the activity of early GHSs was very weak, their
discovery led to the synthesis of many peptide and non-peptide compounds with more potent
GH-releasing activity. Particularly, GHRP (growth hormone-releasing peptide)-6, GHRP-1,
GHRP-2 (KP-102), hexarelin, ipamorelin (peptide compounds) and L-692,429, L-163,191 (MK-
0677), NN703 (non-peptide compounds) were developed, and showed to have potent GH-
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releasing activity when administered parenterally or orally (Bowers et al., 1984, 1990; Smith et
al.,, 1993, 1997, 2004, 2005; Cheng et al., 1993; Deghenghi et al., 1994; Patchett et al., 1995;
Chapman et al., 1996; Camanni et al., 1998; Smith, 2005). Several GHRP/GHS compounds
were studied clinically, but none has reached the market (Smith et al., 2004, 2005; Isidro and
Cordido, 2006). In particular, the spiroperidine derivative MK-0677 was subjected to clinical
trials, since it retained sufficient activity even when orally administered (Patchett et al., 1995;
Chapman et al., 1996; Thorner et al., 1997). These compounds bind to specific sites in the
cerebral cortex, hippocampus, medulla oblongata, choroid plexus, with the greatest density of
binding sites in the hypothalamus and pituitary gland (Sethumadhavan et al., 1991; Howard et
al., 1996; Muccioli et al.,, 1998). GH is controlled by many factors, in particular by two
hypothalamic neuropeptides; GH release is stimulated by hypothalamic GH-releasing hormone
(GHRH) and inhibited by somatostatin (Muller et al., 1999; Anderson et al., 2004). GHSs
activate a third independent pathway regulating GH release. GHRH promotes GH secretion
from GH-secreting cells in the anterior pituitary, acting on the GHRH receptor to increase
intracellular cyclic adenosine monophosphate (cAMP) (Blake and Smith, 1991; Cheng et al.,
1991; Akman et al., 1993; Popovic et al., 1996). GHSs act on a different receptor on GH-
secreting cells in the anterior pituitary, increasing the intracellular calcium (Caz+) concentration
via an inositol 1,4,5-triphosphate (IP3) signal transduction pathway. The GHS receptor was in
fact cloned in 1996, as a typical G-coupled protein receptor, based on the findings that GHSs
stimulate phospholipase C, resulting in an increase in IP5 and intracellular ca® (Howard et al.,
1996). It was found that this receptor is mainly expressed in the hypothalamus and pituitary

gland and it became known as the type 1a GHS receptor (GHS-R1a) (Howard et al., 1996).

GHS-R1a was for some time an example of an orphan GPCR, that is, a GPCR with no
known natural bioactive ligand, although it was postulated that there must exist an endogenous
ligand that binds to GHS-R carrying out similar functions to GHSs. The orphan-receptor based
strategy to identify endogenous ligands (reviewed in Civelli, 1998) consists, first, in establishing
a cell line expressing an orphan receptor. Then, a peptide extract is applied to the cell and a
second messenger response is measured. If a target orphan receptor is functionally expressed
on the cell surface and the extract contains the endogenous ligand that can activate the
receptor, the second messenger response, for example monitored by the levels of cAMP or
intracellular Ca®* concentration, will decrease or increase. Using this assay system, the
endogenous ligand can be purified through several chromatographic steps. This reserve
pharmacology strategy led to recognition and characterization, for instance, of the endogenous
opiates and endocannabinoids (Olson et al., 1979; Elphick and Egertova, 2001). Based on this
strategy, orphan receptors represent important new tools for the discovery of novel bioactive

molecules and in drug development (Civelli et al., 2001; Howard et al., 2001; Wise et al., 2004).

Finally, in 1999 Kojima and co-workers had success in the purification and identification

of the endogenous ligand for the GHS-R (Kojima et al., 1999). In opposition to the expected,
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since the known sites of GHS-R expression at that time were the pituitary gland and the
hypothalamus (Howard et al., 1996), ghrelin was purified from stomach extracts by monitoring
Ca®* concentration changes in a Chinese hamster ovary (CHO) cell line stably transfected with
human GHS-R1a (Kojima et al., 1999). Later, after the first evidence of a positive effect on
appetite mediated by some GHSs (Locke et al., 1995; Okada et al., 1996; Shibasaki et al.,
1998; Torsello et al., 1998), the function of ghrelin as a peripheral modulator of food intake and
body weight was established (Tschop et al., 2000). It was found that rat serum ghrelin
concentrations were increased by fasting and were reduced by re-feeding, suggesting that
ghrelin, in addition to its role in regulating GH secretion, signals the hypothalamus when an
increase in metabolic efficiency is necessary (Tschop et al., 2000). These were the starting

days of the characterization of ghrelin as a crucial orexigenic peripheral hormone.

Ghrelin Family Members

In 2000 Tomasetto and co-workers identified a stomach-derived mRNA coding for a
protein, specifically expressed by enteroendocrine cells, with sequence similarity with prepro-
motilin, the precursor of the motilin hormone and the motilin-associated peptide (Tomasetto et
al., 2000). This hormone peptide was named prepro-motilin-related peptide, which after post-
translational maturation originates the motilin-related peptide (MTRP) (m46) and MTRP-
associated peptide (Tomasetto et al., 2000). This peptide later turned out to be identical to
ghrelin (95% identity between the rat ghrelin precursor and the mouse m46 protein precursor),
although the post-translational modification with the acyl group was not recognized (Coulie and
Miller, 2001; del Rincon et al., 2001). In this study, the peptide was expressed by transfecting
COS-1 cells and submitted to protein sequencing. In another study Kojima and co-workers
analysed ghrelin purified from stomach by electrospray ionization mass spectrometry and
identified a C;H{5CO moiety bound to the hydroxyl group in Ser’ (Kojima et al., 1999). In fact,
ghrelin and the gastrointestinal peptide hormone motilin share several common features. Motilin
and ghrelin precursors share almost 50% similarity in their amino acid sequences (Tomasetto et
al., 2000), and the motilin receptor is the closest relative of the ghrelin receptor (with 52% amino
acid sequence identical) (Feighner et al., 1999). The ghrelin receptor and motilin receptor
belong to the same family of GPCRs. Additionally, ghrelin and motilin play similar roles in the
stomach (reviewed in Ohno et al.,, 2010), as well as on food intake and growth hormone
secretion (Folwaczny et al., 2001). Based upon their structural and functional similarities, the
two peptides form a peptide family (motilin-ghrelin peptide family), linking endocrine control of
energy balance and growth with regulation of gastrointestinal mobility, and may have evolved

from a common ancestral system (Folwaczny et al., 2001).
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The ghrelin gene

The human ghrelin gene (GHRL) (Figure 2) spans approximately 5 kilobases, is located
on the short arm of choromossome 3 (3p25-26) and contains four prepro-ghrelin (or ghrelin
precursor)-coding exons (1—4 exons) (Wajnrajch et al., 2000) and one non-coding first exon (20
bp exon 0, which encodes part of the 5’ untranslated region) (Kanamoto et al., 2004; Nakai et
al., 2004). The murine ghrelin gene (Ghrl) maps to chromosome 6 and has a gene structure that
is almost identical to the human gene (Tanaka et al., 2001). Interestingly, the mouse and rat
ghrelin genes also contain a non-coding 19 bp exon 0, which is highly homologous to human
exon 0 (Tanaka et al., 2001). The described human cDNA codes for a 117 amino acid long
prepro-ghrelin (Kojima et al., 1999), which contains a 23 amino acid signal peptide and 94
amino acid pro-ghrelin (with 28 amino acid corresponding to the mature ghrelin and a 66 amino
acid tail — C-terminal polypeptide or C-ghrelin). During prepro-ghrelin processing the 23 amino
acid secretion-signal peptide is cleaved from the 117 amino acid precursor, resulting in the 94
amino acid pro-ghrelin peptide (amino acids 24—117). This pro-ghrelin peptide is then cleaved
further and gives rise to the 28 amino acid ghrelin peptide, (amino acids 24-51), and the 66
amino acid polypeptide C-ghrelin (Zhu et al., 2006) (Figure 3). The prepro-ghrelin signal peptide
is encoded by exon 1, the coding sequence of the 28 amino acid ghrelin peptide hormone is
encoded by parts of exons 1 and 2, while part of exon 2 and exons 3 and 4 encode the C-

terminal polypeptide.
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Figure 2. From the human ghrelin gene to an active peptide. The human ghrelin gene
comprises five exons. The first exon (exon 0) encodes the 5-untranslated region and is very
short. cDNA analyses of human ghrelin have revealed transcript A, an alternative splicing
product from exon 1 to exon 4, and transcript B (containing also the exon 0). This mRNA is
translated into a 117-amino acid ghrelin precursor (prepro-ghrelin). Protease cleavage and acyl-
modification of the ghrelin precursor result in the production of a 28-amino-acid-long active acyl-
modified ghrelin peptide. [Adapted from (Kojima and Kangawa, 2005)].

The 5’-flanking region of the human ghrelin gene contains a TATA box-like sequence,
as well as several putative binding sites for several transcription factors, such as AP-2, USF1,
USF2, PEA-3, Myb, NF-IL6, hepatocyte nuclear factor-5 and NF-B, and half-sites for estrogen
and glucocorticoid response elements (Kishimoto et al., 2003; Kanamoto et al., 2004), indicating
that these transcription factors may regulate ghrelin expression. However, evidence for the
direct regulation of these transcriptional factors on ghrelin gene expression is still largely
missing. While neither mutation nor deletion of the TATA box-like element decreased the
promoter activity (Kishimoto et al., 2003), suggesting that this is not functional, the destruction
or site-directed mutagenesis of E-box consensus sequences (bound by USF1 and USF2
transcription factors) decreased the promoter activity (Kanamoto et al., 2004). The basal
transcription activity of the human core promoter seems to require a sequence downstream of

the distal non-coding exon 0 and a proximal sequence of intron 1 (Wei et al., 2005).

Regulation of the ghrelin gene expression

Among determinants of ghrelin secretion the most important appear to be glucose,

insulin, leptin, somatostatin, growth hormone, glucagon, thyroid hormones, melatonin, as well
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as the parasympathetic nervous system, among others (reviewed in Korbonits et al., 2004 and
Yin et al., 2009).

Of particular interest, Kishimoto and co-workers showed that glucagon and its second
messeger cAMP increase promoter activity of the ghrelin gene in the stomach-derived ECC10
cell line (Kishimoto et al., 2003). This increase, mediated by glucagon, was also confirmed in
another stomach-derived cell line (AGS cells) (Wei et al., 2005). Additionally, Wei and co-
workers demonstrated that glucagon treatment increases stomach ghrelin mRNA levels in rats
(Wei et al., 2005), suggesting that in fasting conditions the increase in ghrelin levels (e.g.,
Tschop et al., 2000) may be related with an increase in glucagon, which is consistent with the
increase in systemic glucagon levels observed after food restriction (Seino et al., 1980).
Moreover, glucagon receptor is present in endocrine cells in gastric mucosa (Katayama et al.,
2007), plasma ghrelin concentration rises after administration of glucagon in rats (Katayama et
al., 2007), and ghrelin released from the rat stomach is augmented by glucagon perfusion
(Kamegai et al., 2004). However, the mechanism by which glucagon up-regulates ghrelin gene
expression remains unclear because no glucagon-related binding sites in the promoter region of

ghrelin gene have been identified.

Leptin also seems to regulate the ghrelin gene expression, although controversial data
have emerged. Leptin dose-dependently inhibited ghrelin mRNA expression in vitro, in stomach
tissue culture prepared from rat (Zhao et al.,, 2008). Infusion of leptin directly into the rat
stomach dose-dependently decreased ghrelin secretion from isolated stomach (Kamegai et al.,
2004), but the intraperitoneal injection of leptin, for 5 consecutive days, increased ghrelin mRNA
levels in the gastric fundus in mice (Toshinai et al., 2001). In humans, no effect of leptin
administration on circulating levels of ghrelin has been found (Chan et al., 2004). Therefore,
leptin does not seem to be a major regulator of the ghrelin gene expression. Later in this
chapter (section: “Regulation of ghrelin release”), the regulation of ghrelin gene expression and
secretion will be further explored, in particular its regulation by the physiological status
(reviewed in Yin et al., 2009).

Alternative splicing of the ghrelin gene

It is not surprising that the ghrelin gene may give rise to several alternative transcripts,
as has been show for other genes with a variety of cellular functions. Protein diversity is
increased by alternative use of promoters (e.g., different transcriptional initiation sites), splice
sites, translational start sites and translational terminations codons (reviewed in Black, 2003).
There are two different transcriptional initiation sites in the human ghrelin gene, one located at —
80 and the other at —555 relative to the ATG initiation code, resulting in two distinct mRNA
transcripts, respectively transcript-A (shorter transcript, lacking the codon 0) and transcript-B
(longer transcript) (Kanamoto et al., 2004) (Figure 2). Quantitative real-time PCR analysis
suggested that both transcripts are equally expressed in the human stomach, whereas in a
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human medullary thyroid carcinoma (TT) cell line the transcript A was mostly expressed
(Kanamoto et al., 2004).

In rat and mouse there are two types of ghrelin precursors: the previously reported 117-
amino acid precursor (prepro-ghrelin) (Kojima et al., 1999), which contains the 28 amino-acid
ghrelin, and a 116-amino acid precursor, which contains the des-GInM-ghreIin [a 27-amino acid
peptide homologous to ghrelin, except that one glutamine (14th GIn of ghrelin) is missing]
(Hosoda et al., 2000b; Tanaka et al., 2001) (Figure 5). Des-GIn14-ghrelin is modified at its third
serine by the octanoyl group in a manner similar to ghrelin (Kojima et al., 1999). This post-
translational modification is also needed to activate GHS-R1a and des-GInM-ghreIin efficiently
induces intracellular Ca®* concentration increases in cells expressing GHS-R1a. When des-
GInM-ghreIin is intravenously injected into rats, it increases the GH concentration in the plasma,
similarly to ghrelin injection (Hosoda et al., 2000b). Ghrelin and des-GIn14-ghrelin are the result
of alternative splicing (Hosoda et al., 2000b). The ratios observed between the two precursor
populations, prepro-ghrelin and prepro—des—GIn”—ghreIin, were 5 to 1 in rat stomach, and 6 to 5
in mouse stomach (Hosoda et al., 2000b; Tanaka et al., 2001). In human, nearly all of the cDNA
clones isolated from stomach encode the prepro-ghrelin precursor, a few cDNA clones encode
the prepro-des-GInM-ghreIin precursor (Hosoda et al., 2003). However, the amount of des-

GInM-ghreIin from the human stomach is negligible (Hosoda et al., 2003).

Additionally, a exon 3-deleted prepro-ghrelin mRNA transcript has also been described
in breast and prostate cancer in humans (Jeffery et al., 2005b; Yeh et al., 2005) and in mice
(Jeffery et al., 2005a). The exclusion of exon 3 from prepro-ghrelin mMRNA transcript results in a
cDNA frameshift and the generation of a premature stop codon. When translated, this transcript
encodes a 91 amino acid prepro-ghrelin peptide in humans and an 86 amino acid prepro-ghrelin
peptide in mice. While still producing functional, mature ghrelin, it also produces a C-terminal
polypeptide (A3 C-ghrelin), which gives rise to a novel, 16 amino acid A3 C-terminal peptide in
humans and 11 amino acid A3 C-terminal peptide in mice (Jeffery et al., 2005a, 2005b; Yeh et
al., 2005). This A3 C-terminal peptide begins with a potential dibasic proteolytic cleavage site
(Arg-Arg) (Jeffery et al., 2005a; Yeh et al., 2005). It remains to be investigated whether the A3
C-ghrelin or its proteolytic product A3 C-terminal peptide circulate in plasma, as does the C-
ghrelin derived from wild-type (full-length) pro-ghrelin (Pemberton et al., 2003). Although the
functions of the A3 C-terminal peptide remain unknown, it is present in a number of tissues in
the mouse (Jeffery et al., 2005a) and it is upregulated in human prostate and breast cancer
(Jeffery et al., 2005b; Yeh et al., 2005), strongly suggesting that the peptide is functional. These
two splicing variants are the only that have been experimentally proven to be translated into
peptides. Several additional alternative splicing transcripts have been suggested (reviewed in
Seim et al., 2009), however, further studies are required to examine the relative abundance,

tissue distribution, coding potential and physiological significance of these transcripts.
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Prepro-ghrelin processing through alternative splicing (as indicated before) and the use
of alternative post-translational cleavage sites (Hosoda et al., 2000a, 2003; Pemberton et al.,
2003; Zhang et al., 2005) result in the synthesis of novel peptides that are biologically active
and can act through different receptors and have different functions. In accordance with this,
prepro-ghrelin may also be described as a polyhormone, similarly to parathyroid hormone
(Nemeth, 2006), which indicates that their derived biologically active peptides are originated
from the same precursor prepro-gene. These peptides, which could represent a previously
hidden layer of biological diversity, have been termed crypteins (from cryptein, “to hide” in
Greek). Crypteins may be functionally similar to their parent molecules or have novel functions
(Autelitano et al., 2006; Pimenta and Lebrun, 2007; Ueki et al., 2007). A well-described example
is pro-opiomelanocortin (POMC), a prepro-hormone that is enzymatically cleaved to form the
appetite-suppressing melanocyte-stimulating hormones, a-MSH and B-MSH, and the appetite-
stimulating hormone, B-endorphin, as well as a large number of other bioactive crypteins

(reviewed in Raffin-Sanson et al., 2003).

Post-translational modification of the prepro-ghrelin peptide
Processing of prepro-ghrelin to mature ghrelin

The polypeptide prepro-ghrelin (117 amino acids) contains a signal peptide of 23 amino
acids at the N-terminal, which is first cleaved by a putative signal peptidase resulting in pro-
ghrelin (amino acids 24-117) with 94 amino acids (reviewed in Garg, 2007) (Figure 3). The
signal peptide is enzymatically cleaved off from the prepro-ghrelin inside the endoplasmic
reticulum (ER), and generally is destroyed at this point. The enzymes responsible for further
proteolytic cleavage of pro-ghrelin to the final products remain largely unknown. However, it was
suggested that prohormone convertase 1/3 (PC1/3) is the endoprotease responsible for the
conversion of pro-ghrelin to ghrelin (Zhu et al., 2006). It was observed that ghrelin was absent in
PC1/3 null mouse stomachs, while the pro-ghrelin was present in the PC1/3 null samples, when
assessed by Western blot (Zhu et al., 2006). Additionally, ghrelin is co-localized with PC1/3 in
the ghrelin-producing cells of the stomach and the ghrelin gene expression is upregulated in
PC1/3 null mice (Zhu et al., 2006). This study also suggested that octanoylation of ghrelin does
not require prior processing of the peptide, since acylated pro-ghrelin was found in the PC1/3
null mice stomach. In addition, it is highly likely that PC1/3 is involved in the processing of
obestatin (peptide derived from the C-terminal polypeptide part of pro-ghrelin, a ghrelin gene-
derived cryptein peptide, Zhang et al., 2005), since only the full length precursor (pro-ghrelin),
and not any intermediate products were detected in PC1/3 nulls. Later, this in vivo study was
confirmed by overexpression of human pro-ghrelin in E.coli and posterior in vitro cleavage using
mouse PC1 (Ozawa et al., 2007). Ozawa and co-workers additionally suggest that human PC7
and human furin may also be involved in ghrelin processing (Ozawa et al., 2007). A product with
a size corresponding to obestatin was never found with in vitro digestion of pro-ghrelin (Ozawa

et al.,, 2007), in disagreement to Zhu and co-workers (Zhu et al., 2006), suggesting that the
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production of this peptide might require the activity of other proteases, perhaps from blood,
since the accumulation of C-terminal fragments of ghrelin in plasma has been reported
(Pemberton et al., 2003). In conclusion, the detailed mechanism on how obestatin is processed

remains to be explored.
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Figure 3. Post-translational processing of prepro-ghrelin to mature ghrelin. This
polypeptide contains a signal peptide of 23 amino acids at the amino terminus, which is first
cleaved by a putative signal peptidase resulting in pro-ghrelin with 94 amino acids. Further
processing of pro-ghrelin to ghrelin involves proteolytic cleavage by prohormone convertases
(PCs). These enzymes identify the monobasic residues arginine and lysine (red). The blue
triangles indicate the sites of proteolytic cleavage. The PCs cleave pro-ghrelin between arginine
51 and alanine 52. Arginine 51 is preceded by proline at position 50, which may take this site a
preferred site for PC cleavage. Ghrelin is also known to be acylated (preferably by octanoic
acid) at the serine at position 3. This acylation may occur before the cleavage of pro-ghrelin to
ghrelin and is processed by the O-acyltransferases (GOAT). Obestatin results from proteolytic
cleavage of pro-ghrelin at two cleavage sites, between arginine 75 and phenylalanine 76, and
between lysine 100 and phenylalanine 101. It is proposed that arginine 75 and lysine 100
predict the monobasic recognition sites for an unknown protease besides the known PCs.
[Adapted from (Garg, 2007)].

Octanoylation of ghrelin

Analysis by mass spectroscopy revealed that serine-3 (Ser3) of ghrelin is modified by
acylation with an octanoyl group, which is required for growth hormone releasing activity and for
binding to its receptor GHS-R1a (Kojima et al., 1999). Ser®is conserved in mammals, birds, and
fishes (Figure 4). In ghrelin of the bullfrog, Ser’is replaced by threonine, but this residue is also
octanoylated. Thus, octanoylation of ghrelin has been conserved in vertebrates over millions of
years of evolution (reviewed in Kojima and Kangawa, 2005 and Sato et al., 2012). Likewise, the
GHS-R1a receptor for octanoylated ghrelin has also been highly conserved in vertebrates as far
back as zebrafish (Yang et al., 2008).

11



Chapter 1

Mammalian
Human

Rhesus Monkey
Mouse
Monglian Gerbil
Rat

Dog

Porcine

Sheep

Bovine

Avian
Chicken
Duck
Emu
Goose
Turkey

Fish
Rainbow Trout 1

Rainbow Trout 2
Japanese Eel

1; o 10 20 28
GSSFLSPEHQRVQQRKESKKPPAKLQPR
GSSFLSPEHQRAQQRKE SKKPPAKLQPR
GSSFLSPEHQKAQQRKESKKPPAKLQPR
GSSFLSPEHQKTQQRKE SKKPPAKLQPR
GSSFLSPEHQKAQQRKE SKKPPAKLQPR
GSSFLSPEHQKLQQRKE SKKPPAKLQPR
GSSFLSPEHQKVQQRKE SKKPAAKLKPR
GSSFLSPEHQKLQ-RKEPKKPSGRLKPR
GSSFLSPEHQKLQ-RKEAKKPSGRLKPR

20 26

1 % 10
GSSFLSPTYKNIQQQKDTRKPTARLH
GSSFLSPEFKKIQQQNDPTKTTAKIH
GSSFLSPDYKKIQQRKDPRKPTTKLH
GSSFLSPEFKKIQQQNDPAKATAKIH
GSSFLSPAYKNIQQQKDTRKPTARLHPR

1 % 10 20 23
GSSFLSPSQKPQVRQGKGK-PPRV-amide

GSSFLSPSQRPQ&LGK—PPR@mmMe
GSSFLSPSQRPQGKDKKPPRV-amide
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Figure 4. Sequence comparison of vertebrate ghrelin. Identical amino acids in each species
of mammal, bird, and fish are colored. The asterisks indicate acyl-modified third amino acids.
NH2-terminal cores with acyl-modification sites are well conserved among all vertebrate
ghrelins. [Reproduced from (Kojima and Kangawa, 2005)].

Octanoylation of the Ser® is the most unique post-translational modification of ghrelin.
Ghrelin is the only protein currently known to be octanoylated. The enzyme that catalyzes the
octanoylation of ghrelin was identified by two individual studies and designated as ghrelin O-
acyltransferase (GOAT) in 2008 (Gutierrez et al., 2008; Yang et al., 2008). GOAT is a member
of the family membrane-bound O-acyltransferases (MBOAT), with its structure conserved
among different species. It was proposed that pro-ghrelin is octanoylated before it is transported
to the Golgi where it is cleaved by PC1/3 to form mature ghrelin, in agreement with Zhu and co-
workers (Zhu et al., 2006), suggesting that GOAT is located in ER (Yang et al., 2008).
Transcripts for both GOAT and ghrelin are present predominantly in stomach and pancreas
(Gutierrez et al.,, 2008). Genetic disruption of the GOAT gene in mice leads to complete
absence of octanoylated ghrelin in circulation (Gutierrez et al., 2008). In vitro analysis
demonstrated that GOAT activity could be significantly inhibited by an octanoylated ghrelin
pentapeptide and other end-products (Yang et al., 2008), suggesting the existence of a negative
feedback regulation. In addition to the octanoylation, different acylation by other fatty acids has
been reported, this subject will be explored further is this chapter (section: “Other ghrelin

forms”).
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C-ghrelin and obestatin

Recent evidence suggests that the 66 amino acid tail of pro-ghrelin (62—117) (Figure 3)
can either circulate as a full-length peptide (C-ghrelin) or be processed to smaller peptides,
mainly obestatin. Pemberton and co-workers demonstrated the presence of C-ghrelin in human
plasma that circulates at higher concentrations than ghrelin, and is elevated in heart failure
(Pemberton et al., 2003), suggesting that it may be bioactive (reviewed in Soares and Leite-
Moreira, 2008).

Obestatin, a 23-amino acid peptide derived from polypeptide C-ghrelin of pro-ghrelin,
was proposed as a novel endogenous ligand for the orphan GPCR Gpr39 (Zhang et al., 2005).
This new peptide was named obestatin based on its appetite-suppressing potential, thus this
discovery brought exciting new insights to the gut peptide field. It was found that intraperitoneal
or intracerebroventricular injection of obestatin in mice inhibited the food intake (Zhang et al.,
2005). In addition, it was reported that peripheral injection of obestatin inhibited jejunal
contraction, suppressed gastric emptying and decreased body-weight gain (Zhang et al., 2005).
However, these findings could not be reproduced by several groups (Gourcerol et al., 2006;
Holst et al., 2007; Yamamoto et al., 2007), and must therefore be interpreted with caution
(reviewed in Garg, 2007).

Other ghrelin forms

In humans, multiple ghrelin-derived molecules differing on the amino acid length and the
type of acylation at Ser® have also been isolated from the stomach and plasma (Hosoda et al.,
2003) (Figure 5). Although the major active form of human ghrelin is a 28-amino acid peptide
with an octanoyl modification (C8:0) at Ser’, the ghrelin-derived molecules observed include
octanoyl ghrelin-(1-27), decanoyl (C10:0) ghrelin, decanoyl ghrelin-(1-27) and decenoyl
(C10:1) ghrelin (Hosoda et al., 2003). When the C-terminal arginine residue (Argze) is removed
from ghrelin, most likely by a carboxypeptidase B-like enzyme, ghrelin-(1-27), with 27 amino
acids, is produced (Hosoda et al., 2003). In human stomach, the processing product ratio of the
27-amino acid to the 28-amino acid peptide was observed to be ~1:3 (Hosoda et al., 2003). It is
likely that 27- and 28-amino acid ghrelin molecules are produced through alternative C-terminal
processing of the same pro-ghrelin precursor. All of the acyl-modified ghrelins and acyl-modified
ghrelin-derived molecules have showed the same potency to induce an increase of intracellular
Ca®* concentration in the GHS-R1a-expressing cells and stimulate GH release in anesthetized
rats (Hosoda et al., 2003).
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oo<Loooooooooooz>ooooooooooooo 28 ghrelin
oo!>ooooooooooooooooooooooooo 28 decanoyl ghrelin
oo$ooooooooooooooooooooooooo 28 decenoyl ghrelin

cocoocereoeeoeecoorececeeeee@® 28 des-acyl ghrelin

ooJ>oooooooooo&>ooooooooooooo 27 octanoyl ghrelin-(1-27)
oo<Looooooooocnoooooooooooooo 27 decanoyl ghrelin-(1-27)

COOOOOOOOOOCOOOCCOOOCoooeea0 27 des-acyl ghrelin-(1-27)

CR
WW 27 des-GIn14-ghrelin

Figure 5. Various ghrelin variants resulting from alternative splicing (des-GIn14-ghrelin)
or post-translational modification. Biologically active analogues of ghrelin and ghrelin-(1-27)
(missing the last amino acid arginine at position 28) with acyl chains of 8, 10 or 11 C atoms or
without the acyl post-translational modification were described. [Adapted from (Korbonits et al.,
2004)].

Moreover, des-acyl ghrelin and des-acyl ghrelin-(1-27), lacking the acyl post-
translational modification, were found in the human stomach as well as in the plasma (Hosoda
et al., 2003). Ghrelin is the predominant form in stomach tissue (Hu et al., 2005), however the
des-acyl ghrelin was found in circulation even at far greater concentrations than ghrelin, with the
ratio of ghrelin to des-acyl ghrelin in plasma being 0.25 (Hosoda et al., 2000a) or 0.1 (Gauna et
al., 2007) in rodents and 0.2 in humans (Marzullo et al., 2004), suggesting that when newly
synthesized and mature ghrelin is secreted, it is rapidly deacylated in circulation (this and other
aspects related with ghrelin degradation are reviewed in Satou et al., 2011). Des-acyl ghrelin,
however, does not bind do GHS-R1a (Hosoda et al., 2000a), does not displace ghrelin to rat
hypothalamus or pituitary membranes, and is unable to stimulate GH release in vivo (Hosoda et
al., 2000a; Torsello et al., 2002), being considered initially an inactive ghrelin-derived peptide.
However, a conspicuous number of recent reports strongly suggest that des-acyl ghrelin has
intrinsic activities in a variety of physiological and pathophysiological situations (reviewed in
Delhanty et al., 2012), breaking a paradigm from 1999 (Kojima et al., 1999).

Finally, GOAT might also acylate ghrelin with other fatty acids, besides octanoate,
ranging from acetate to tetradecanoic acid (Gutierrez et al., 2008). Peak intensities for acyl-
modified forms of ghrelin corresponding to C7 to C12 appear most intense (Gutierrez et al.,
2008), thus suggesting that GOAT is also responsible for the acylation of these various ghrelin

variants.
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Minimal sequence of ghrelin for receptor activation

The first 4 or 5 residues of ghrelin (Gly—Ser—Ser(n-octanoyl)-Phe—Leu) are sufficient for
calcium mobilization in vitro (Bednarek et al., 2000). The acylation of the hydroxyl group of Ser’
with longer aliphatic chains or with unsaturated or branched octanoyl groups does not affect the
activity of ghrelin (Bednarek et al., 2000), while shorter acetyl groups, less hydrophobic,
dramatically decreased the activity of the peptide. When the n-octanoyl group was transferred to
the Ser? instead of Ser’ the biological activity of this peptide was similar to that of the natural
ghrelin (Bednarek et al., 2000). Hence, the N-terminal [Gly—Ser—Ser(n-octanoyl)-Phe] segment
constitutes the “essential core” required for efficient binding to and activation of GHS-R1a

(reviewed in Korbonits et al., 2004).

Tissue Distribution of Ghrelin

Stomach and other gastrointestinal organs

In all vertebrate species, the stomach is the primary organ producing ghrelin (Ariyasu et
al., 2001). Ghrelin is present in X/A-like cells, which account for about 20% of the endocrine cell
population in adult oxyntic glands (Date et al., 2000a). The granule contents of X/A-like cells
had not been identified until the discovery of ghrelin. The X/A-like cells contain round, compact,
electron dense granules that are filled with ghrelin (Figure 6) (Date et al., 2000a; Dornonville de
la Cour et al.,, 2001; Yabuki et al., 2004). The gastric X/A-like cells can be stained with an
antibody that is specific to the NH2-terminal, acyl-modified portion of ghrelin, indicating that
ghrelin in the secretory granules of X/A-like cells has already been acyl-modified. Indeed, the
concentration of ghrelin found in the circulation of rats decreases by 80% following surgical
removal of the acid-producing part of the stomach suggesting that the oxyntic mucosa is the
major source of ghrelin (Dornonville de la Cour et al., 2001). A similar drop of plasma ghrelin

levels was found in humans following gastrectomy (Leonetti et al., 2003).

Ghrelin-immunoreactive cells are also found in the duodenum, jejunum, ileum, and
colon (Date et al., 2000a; Hosoda et al., 2000a; Sakata et al., 2002), among which ghrelin
concentration gradually decreases from the duodenum to the colon. As in the stomach, the
main molecular forms of intestinal ghrelin are n-octanoyl ghrelin and des-acyl ghrelin (Date et
al., 2000a). The pancreas is another ghrelin-producing organ [ghrelin and des-acyl ghrelin both
exist in pancreas (Date et al., 2002b)], especially during the embryo development and the
production of ghrelin decreases rapidly after birth (Chanoine and Wong, 2004). However, the
cell type that produces ghrelin in the pancreatic islets remains controversial. In contrast, gastric
ghrelin levels are low during the prenatal period and increase after birth (Hayashida et al.,
2002).
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Figure 6. Ghrelin cells in the stomach. (A) Ghrelin-immunoreactive cells in the stomach are
found from the neck to the base of the oxyntic gland. Scale bar, 400 um. This distribution
pattern is typical for gastric endocrine cells. (B) High magnification of A. Scale bar, 40 um. (C—
D) Representative immunoelectron photographs of a ghrelin-producing cell in the oxyntic gland.
(C) This ovoid cell has many round, compact, electron-dense granules in its cytoplasm. Scale
bar, 2 um. (D) High magnification of C. Scale bar, 500 nm. Granules in the cytoplasm are
labeled with immunogold staining for ghrelin. [Reproduced from (Kojima and Kangawa, 2005)].

Central nervous system

Since the ghrelin receptor (or GHS-R1a) is mainly expressed in the hypothalamus and
pituitary (Howard et al., 1996; Guan et al., 1997), its endogenous ligand has been thought to
exist mainly in the hypothalamic regions. Despite that, the content of ghrelin in the brain is very
low (Kojima et al., 1999; Hosoda et al., 2000a).

Ghrelin has been found in the hypothalamic arcuate nucleus (Kojima et al., 1999; Lu et
al., 2002), an important region for controlling appetite. In addition, ghrelin immunoreactivity was
detected in a previously uncharacterized group of hypothalamic neurons in the internuclear
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space between the lateral hypothalamus (LH), the arcuate nucleus (ARC), the ventromedial
(VMH), the dorsomedial (DMH), and the paraventricular (PVH) hypothalamic nuclei and the
ependymal layer of the third ventricle (Cowley et al., 2003). Ghrelin was present in the axon
terminals and these axons innervated the ARC, VMH, PVH, DMH, and the LH, as well as
outside the hypothalamus to the bed nucleus of the stria terminalis, amygdala, thalamus, and
habenula (Cowley et al., 2003). These histological findings are consistent with the functional
studies in which injection of ghrelin into the cerebral ventricles of rats potently stimulates food
intake (Tschop et al., 2000; Nakazato et al., 2001).

Ghrelin in vivo administration has a strong GH-releasing activity (Kojima et al., 1999;
Arvat et al., 2000, 2001; Date et al., 2000b; Peino et al., 2000; Takaya et al., 2000). This finding,
together with the expression of ghrelin receptor in the pituitary (Howard et al., 1996; Guan et al.,
1997), suggest that the GHS-R1a is expressed in pituitary cells. Additionally, ghrelin has also
been found in the pituitary gland where it may influence the release of GH in an autocrine or

paracrine manner (Korbonits et al., 2001a, 2001b).

Other tissues

Two major forms of ghrelin: n-octanoyl and des-acyl ghrelin, are found in circulation
(Hosoda et al., 2000a). Moreover the ghrelin peptide has been shown to be expressed in the
lung (Volante et al., 2002), immune cells (Hattori et al., 2001), placenta (Gualillo et al., 2001),
cyclical expression in the ovary (Caminos et al., 2003; Gaytan et al., 2003), testis (Barreiro et
al., 2002; Tena-Sempere et al., 2002), and kidney (Mori et al., 2000).

Ghrelin transport across the blood brain-barrier

The blood-brain barrier (BBB) prevents the unrestricted exchange of substances
between the central nervous system and the blood and also conveys information between the

central nervous system and the gastrointestinal tract through several mechanisms.

Human ghrelin is readily transported by a saturable system across BBB in both
directions, whereas the transport of mouse ghrelin is saturable in only the brain-to-blood
direction (Banks et al., 2002). Mouse ghrelin differs from human ghrelin in two of their 28
residues, with lysine replacing arginine at position 11 and alanine replacing valine at position
12. These two amino acids are, therefore, critical for recognition by the blood-to-brain
transporter but not the CNS-to-blood transporter (Banks et al., 2002). In addition, mouse ghrelin
could be occasionally demonstrated to cross the BBB, although uptake is not clearly detectable
(Banks et al., 2002) (Figure 7).

The mouse des-acyl ghrelin enters the brain by nonsaturable transmembrane diffusion

and is sequestered once within the central nervous system, whereas mouse obestatin does not
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cross the blood-brain barrier (Banks et al., 2002) (Figure 7). Small amounts of internalized
obestatin show rapid intracellular degradation (Pan et al., 2006). The extent and direction in
which ghrelin can cross the BBB is therefore influenced by at least two features of its primary

structure: i) the post-translationally added fatty acid, and ii) the amino acid sequence.

Blood-Brain barrier

Mouse des-acyl
ghrelin

Mouse ghrelin _
Human ghrelin

Fasting

Mouse obestatin

Figure 7. Differential transportation of mouse ghrelin, mouse des-acyl ghrelin, human ghrelin,
and mouse obestatin across the blood-brain barrier, which regulates communications between
the gut and the brain. Obesity, old age, and fasting affect ghrelin across the blood-brain barrier.
[Adapted from (Chen et al., 2009)].

Moreover, physiological status may affect the transport of ghrelin gene products across
the blood-brain barrier (Figure 7). First, obesity and old age decrease the transport of
intravenous human ghrelin across the blood-brain barrier, resulting in an inverse relationship
between body weight and ghrelin blood-brain barrier permeability (Banks et al., 2008). Second,
fasting tends to enhance ghrelin transport across the blood-brain barrier (Banks et al., 2008).
Collectively, starvation would augment orexigenic effects of ghrelin on the central nervous
system by increasing its crossing of the blood-brain barrier, whereas obesity and old age would
attenuate the actions of ghrelin on the brain by decreasing its crossing through the blood-brain

barrier.

Peripherally injected ghrelin stimulates hypothalamic neurons (Hewson and Dickson,
2000; Ruter et al., 2003) and stimulates food intake (Wren et al., 2001a; Date et al., 2002a).
However, emerging evidence reveals that the orexigenic effects by peripheral ghrelin could
occur via indirect mechanisms and be dependent on the vagal afferent pathway (Asakawa et
al., 2001a; Date et al., 2002a; le Roux et al., 2005; Gilg and Lutz, 2006), whereas GH release
induced by peripheral ghrelin could occur via direct mechanism (le Roux et al., 2005). In
agreement with this, the ghrelin receptor was detected in vagal afferent neurons in the rat
nodose ganglion suggesting that ghrelin signals from the stomach are transmitted to the brain
via the vagus nerve (Sakata et al., 2003; Zhang et al., 2004; reviewed in Kojima and Kangawa,
2005).

To determine whether human ghrelin can enter in the brain, Diano and co-workers

analyzed the presence of radiolabed ghrelin in various parts of the mouse brain. The olfactory
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bulb and occipital cortex had the highest uptake, followed by the hypothalamus, while the
hippocampus had the lowest uptake, similar to the whole brain (Diano et al., 2006). Moreover,
unlabeled human ghrelin inhibited the uptake into the hypothalamus and hippocampus,
suggesting a specific saturable uptake (Diano et al., 2006). In conclusion, although peripheral
ghrelin appears to cross the blood-brain barrier entering directly into the brain, peripheral
(vagal) connections to the brainstem also could play an important role in mediating the effect of
ghrelin; thus, the extent of ghrelin transport from the periphery to the brain needs further

studies.

Regulation of Ghrelin Release

The regulation of ghrelin and consequently its effects could occur at several levels: i)
transcription and translation of the ghrelin gene; ii) addition of post-translational modification; iii)
secretion rate of ghrelin from cells in the stomach, hypothalamus and other sites; iv) binding
proteins in the circulation; v) deactivation of circulating ghrelin; vi) transport across the blood—
brain barrier; vii) clearance of ghrelin via the kidney or liver; viii) influence of other ligands of the
ghrelin receptor(s); ix) the expression of the ghrelin receptor(s), x) and intracellular signaling of

ghrelin receptor(s) (reviewed in Yin et al., 2009).

Fasting and food intake

The most important factor for the regulation of ghrelin secretion is feeding. Endogenous
ghrelin levels change according to acute as well as chronic nutritional status. Fasting causes
elevation of ghrelin levels. Plasma ghrelin levels increase nearly two-fold immediately before
each meal, and fall to trough levels within 60—120 min after food intake (Tschdp et al., 2000,
2001a; Ariyasu et al., 2001; Cummings et al., 2001, 2002b) (Figure 8).
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Figure 8. Average plasma ghrelin concentrations during a 24-h period in 10 human subjects
consuming breakfast (B), lunch (L), and dinner (D) at the times indicated (8.00h, 12.00h, and
17.30h, respectively). [Adapted from (Cummings et al., 2001)].
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It is still not clear which factors are involved in the regulation of ghrelin secretion upon
fasting and after food intake (postprandial) (reviewed in Patterson et al.,, 2011). The
postprandial ghrelin suppression is proportional to the ingested calorie load (Callahan et al.,
2004). The increased ghrelin during fasting is a result of increased pulse frequency as well as
pulse amplitude, which together with the synchronized lower leptin (orexigenic compound)
pulses result in a powerful orexigenic effect (Bagnasco et al., 2002). Fasting increases stomach
ghrelin expression, but not pituitary or hypothalamic ghrelin expression (Torsello et al., 2003).
Additionally, prolonged fasting for 3 days did not change ghrelin levels significantly compared to
the baseline state suggesting that the meal-related changes are rather decreases after food
intake than increases due to fasting (Chan et al., 2004). Moreover, it was found that caloric
restriction in mice with a diet containing 60% of normal calories for ten days (60% caloric

restriction) resulted in a four-fold increase in circulating levels of ghrelin (Lutter et al., 2008).

Ghrelin levels change throughout the day with especially high levels before food intake
and during the night, and a reduction immediately after food intake (Figure 8) suggesting that
ghrelin might be an important factor in meal initiation [(Ariyasu et al., 2001; Cummings et al.,
2001; Tschop et al., 2001a; Shiiya et al., 2002; Faulconbridge et al., 2003), although this has
not been seen in all studies (Barkan et al., 2003)]. The preprandial increase of ghrelin levels
correlates well with hunger scores in humans initiating meals voluntarily, without time- or food-
related cues, further supporting the possible role for ghrelin in meal initiation (Cummings et al.,
2004).

Obesity-related diseases and stress

Plasma ghrelin concentration is low in obese people and high in lean people (Tschdp et
al.,, 2001b; Bellone et al., 2002; Cummings et al., 2002b; Hansen et al., 2002; Shiiya et al.,
2002; Haqq et al., 2003; Rosicka et al., 2003) (Figure 9). Consistently, plasma ghrelin level is
highly increased in anorexia nervosa patients and returns to normal levels upon weight gain and
recovery from the disease (Otto et al., 2001; Cuntz et al., 2002; Tanaka et al., 2003b; Soriano-
Guillén et al.,, 2004). Ghrelin concentration is also increased in bulimia nervosa patients
(Tanaka et al., 2003a). Moreover, chronic social defeat stress (CSDS) in mice increases
significantly the levels of ghrelin that persist for at least 4 weeks (Lutter et al., 2008), in
agreement with studies that have demonstrated increases in gastric ghrelin mRNA or total

plasma ghrelin after acute stress (Asakawa et al., 2001b; Kristenssson et al., 2006).

Patients after gastric bypass lose their weight, and their circulating ghrelin levels
decrease (Cummings et al.,, 2002b; Geloneze et al., 2003; Leonetti et al., 2003) (Figure 9).
Moreover, plasma ghrelin levels in subjects who underwent gastric bypass did not oscillate in
relation to meals and were markedly lower than those of both lean controls and matched obese
controls, altogether confirming that the stomach is the main site of ghrelin production
(Cummings et al., 2002b) (Figure 9). Finally, plasma ghrelin concentration also decreases in
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patients with short bowel syndrome (Krsek et al., 2003), probably due to the loss of ghrelin-

producing tissues.
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Figure 9. 24-hour plasma ghrelin profiles in subjects who underwent gastric bypass and
in controls. The study groups represented are 5 obese subjects who underwent a proximal
Roux-en-Y gastric bypass, 10 normal-weight controls, and 5 obese subjects who had recently
lost weight by dieting and were matched to the subjects in the gastric-bypass group according
to final body-mass index, age, and sex. Breakfast, lunch, and dinner were provided at the times
indicated. [Reproduced from (Cummings et al., 2002b)].

Ghrelin Receptor

The human ghrelin receptor or growth hormone secretagogue receptor (GHS-R) gene,
similarly to the ghrelin gene, is located on chromosome 3, at position 3926.2, and encodes for
two transcripts, the transcript 1a which encodes a full-length receptor (GHS-R1a) and the
transcript 1b which codifies for a shortened version (GHS-R1b) (McKee et al., 1997a). The 1a
type encodes a typical 7 seven transmembrane domains (TMs) G-coupled protein receptor
(GPCR) with binding and functional properties consistent with its role as the ghrelin receptor

(reviewed in Davenport et al., 2005).

The ghrelin receptor gene

The GHS-R gene (Figure 10) consists of three exons; the first codifying exon (exon 1)
encodes TM-1 to TM-5, and the second codifying exon (exon 2) encodes TM-6 to TM-7 (McKee
et al., 1997a). Type 1b is derived from only the exon 1 and encodes only five of the seven
predicted TM domains. The type 1b receptor is thus a COOH-terminal truncated form of the type
1a receptor (McKee et al., 1997a). A 5-untranslated first exon (exon 0) was also described,

characteristic of other G protein-coupled receptors (Kaji et al., 1998).
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GHSR-1b does not have, until now, known biological activity, and fails to bind GHSs
(Howard et al., 1996; reviewed in Smith et al., 1999, van der Lely et al., 2004 and Davenport et
al., 2005). However, it has been proposed that this truncated ghrelin receptor may modulate the
function of full-length version of the receptor. Indeed, GHS-R1a and GHS-R1b can exist as
heterodimers when heterologously expressed in HEK 293 cells, and the truncated version of the
receptor appears to act as a dominant negative of the full-length GHS-R1a, decreasing its cell
surface expression and consequently its constitutive activity (Leung et al., 2007). Recently, it
was demonstrated that GHS-R1a is retained in the endoplasmic reticulum by heterodimerization
with GHS-R1b, attenuating its constitutive activity due to the decrease of cell surface expression
of GHS-R1a (Chow et al., 2012), in agreement with the previous finding.
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Figure 10. GHS-R gene. Gray boxes represent exons. Black boxes represent the
transmembrane domain marked with roman numbers. The last 24 amino acids of the GHS-R1b
are transcribed from the intronic sequence. [Adapted from (Korbonits et al., 2004)].

GHS-R1a structure

The human GHS-R1a is a polypeptide of 366 amino acids with a molecular mass of
approximately 41 kDa (Howard et al., 1996; reviewed in Petersenn, 2002 and Camifia, 2006)
and belongs to family A of GPCRs (reviewed in Bockaert and Pin, 1999). GPCRs span the
membrane with seven a-helix hydrophobic domains forming the receptor core, joint by three
alternate intra- and extracellular domains, beginning with an extracellular N-terminal domain
and ending with an intracellular C-terminal domain (reviewed in Bockaert and Pin, 1999). The
GHS-R1a has features characteristic of a typical GPCR, including conserved cysteine residues
in the first two extracellular loops, several potential sites for post-translational modifications (N-
linked glycosylation and phosphorylation), and an aromatic triplet sequence (E/DRY) located
immediately after TM-3 in the second intracellular loop (reviewed in Bockaert and Pin, 1999 and
Petersenn, 2002).

Based on its deduced peptide sequence, GHS-R1a is not obviously related to known
subfamilies of GPCRs, although it is often included in a small family of receptors for small
polypeptides comprising the receptor for motilin (52% homology), neurotensin receptor-1 (NTS-
R1) and NTS-R2 subtype (33—-35% homology), neuromedin U receptor-1 (NMU-R1) and NMU-
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R2 subtype (~30% homology), and the orphan receptor Gpr39 (27-32% homology) (McKee et
al,, 1997b; Tan et al, 1998), named GHS-R1a homologues. The ghrelin receptor is well
conserved across all vertebrate species examined, including a number of mammals, chicken,
and pufferfish (Smith et al., 1999, 2001; Palyha et al., 2000). This strict conservation suggests

that ghrelin and its receptor serve important physiological functions.

Remarkable differences in the binding profile among ghrelin, synthetic peptidyl
(hexarelin) and non-peptidyl (MK-0677) GHSs have been reported (Ong et al., 1998a, 1998b;
Muccioli et al., 2000; Papotti et al., 2000), mostly in tissues that do not express GHS-R1a or
express the receptor at a low level, suggesting the presence of a novel unidentified receptor
(reviewed in Muccioli et al., 2007). For instance, the heart possesses GHS-binding sites specific
for peptidyl GHSs only (Bodart et al., 1999; Muccioli et al., 2000; Papotti et al., 2000).
Additionally, the existence of various GHS-R1a homologues, and the splice variant GHS-R1b,
the lack of a definite phenotype in GHS-R1a knockout mice (growth, development, appetite and
body composition), as well as the presence of multiple endogenous ghrelin-like ligands, suggest

that other receptors for ghrelin and GHSs may exist.

Finally, the evidence for the existence of heteromeric complexes containing GHS-R1a
and others GPCRs (D4, D2, MC3;, 5-HT,c and Gpr83) (Jiang et al., 2006; Rediger et al., 2009,
2011; Kern et al., 2012; Mdller et al., 2013; Schellekens et al., 2013) increases the complexity of
ghrelin receptor-mediated signaling, and must be taken into account when considering the

ghrelin receptor as a therapeutical target (reviewed in Mear et al., 2013).

Distribution

The ghrelin receptor is ubiquitously distributed in the brain. GHS-R1a mRNA expression
was detected in multiple hypothalamic nuclei (Figure 11) and in the pituitary gland (Howard et
al,, 1996; Guan et al.,, 1997; Zigman et al., 2006). This distribution is consistent with its
physiological function associated with energy metabolism and GH-release. In addition, GHS-
R1a is also expressed in the cerebral cortex (piriform cortex), and parts of the midbrain [e.g.,
ventral tegmental area (VTA) and substancia nigra)], pons, medulla oblongata and

hippocampus (Figure 11) (Howard et al., 1996; Guan et al., 1997; Zigman et al., 2006).

This pattern of expression has been confirmed using binding assays using labelled
ghrelin; in particular, binding of ghrelin was observed in the hypothalamus, hippocampus and
cortex (Cowley et al., 2003; Diano et al., 2006; Harrold et al., 2008), as well as in the olfactory
bulb (Diano et al., 2006) and VTA (Abizaid et al., 2006). Of particular interest, binding was
predominantly localized to presynaptic boutons in the arcuate nucleus (ARC), lateral
hypothalamus (LH), paraventricular nucleus of hypothalamus (PVH), and cortex (Cowley et al.,

2003), suggesting a presynaptic localization of ghrelin receptor in these regions.
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Figure 11. Low-power photomicrograph summarizing GHS-R type 1a mRNA expression
sites in the hippocampus and hypothalamus, in rat brain. Scale bar, 2 mm. Hypothalamic
dorsomedial (DMH), ventromedial (VMH), arcuate (ARC) nuclei and dentate gyrus (DG).
[Reproduced from (Zigman et al., 2006)].

Regarding the hippocampus, GHS-R1a mRNA expression has been observed in CA1,
CA2 and CA3 subfields of Ammons’s horn, as well as in the dentate gyrus (Guan et al., 1997;
Zigman et al., 2006) (Figure 11). At the protein level, this pattern of expression was confirmed
when assessed by immunohistochemistry (Diano et al., 2006; Cuellar and Isokawa, 2011;
Berrout and Isokawa, 2012; Shi et al., 2013). In particular, the ghrelin receptor was detected
both in the cell soma and dentrites in the CA1 subfield, and exhibited a punctate pattern of
labeling along the dendritic shaft (Berrout and Isokawa, 2012). However, in this study, the
authors were not able to determine whether these puncta colocalized with dendritic spines
(Berrout and Isokawa, 2012), although they suggest a postsynaptic localization of the ghrelin

receptor in this hippocampal region.

Moreover, it was found that mRNA expression in rats is undetectable in the fetal
hippocampus, but detectable at high levels at postnatal day 7 (P7) (Katayama et al., 2000),
suggesting that ghrelin receptor expression is regulated during development in the
hippocampus. Moreover, Lattuada and co-workers found that GHS-R1a mRNA expression
increases up to 16 days in vitro (DIV) in primary rat hippocampal and cortical neurons,
decreasing subsequently at later stages in culture (21 DIV) (Lattuada et al., 2013). Altogether,
these observations suggest a role for ghrelin in hippocampal-dependent processes. Indeed, this
assumption was confirmed, reviewed in the section: “Cognitive enhancing effect of ghrelin and

ghrelin receptor agonists’.

In the peripheral tissues GHS-R1a mRNA expression was demonstrated in many
organs, including heart, lung, liver, kidney, pancreas, stomach, small and large intestines,
adipose tissue, thyroid gland, adrenal gland, spleen, and immune cells in rodents and humans
(Guan et al., 1997; Hattori et al., 2001; Kojima et al., 2001; Gnanapavan et al., 2002). Such a
wide distribution of GHS-R1a is consistent with the reported functions beyond the control of GH

release and food intake (reviewed in Chen et al., 2009).
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Signaling pathways

The binding of ghrelin to GHS-R1a causes conformational changes of intracellular loops
of the receptors, which expose binding sites to G proteins. The coupling of G proteins to GHS-
R1a promotes guanosine diphosphate (GDP) release and guanosine triphosphate (GTP)
binding to the G protein a subunit, thus activating G protein subunits to initiate intracellular
signaling cascades by acting on various downstream effectors. Proposed signal transduction
mechanisms underlying ghrelin function involve the regulation of ionic currents and protein
phosphorylation-based intracellular signaling (reviewed in Gao and Horvath, 2007 and Muccioli
et al., 2007).

Once bound to ghrelin, activated GHS-R1a normally binds the Gg;1a subunit of a G
protein, which leads to activation of phosphatidylinositol-specific phospholipase C (PI-PLC) to
generate inositol 1,4,5-triphosphate (IP3) and diacylglicerol (DAG) from phosphatidylinositol 4,5-
diphosphate (PIP;) (Howard et al., 1996; Smith et al., 1997). The intracellular free calcium
(Ca®") concentration increases because of the rapid, though transient, release of Ca®" from IP-
responsive cytoplasmatic storage pools in the endoplasmic reticulum (ER). Increased Ca* and
DAG levels activate protein kinase C (PKC), which, in turn, inhibits the potassium (K*) channels,
causing depolarization (reviewed in Camifia, 2006). This depolarization causes the opening of
voltage-dependent L-type Ca®* channels, causing more sustained accumulation of intracellular
Ca®. Together with the blockade of K™ channels, the intracellular rise in free Ca®* exacerbates

the cellular depolarization (Figure 12).
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Figure 12. Prototypical signaling of GHS-R1a. Ligand binding to the GHS-R1a activates
phospholipase C (PI-PLC) to hydrolyze phosphatidylinositol 4,5-diphosphate (PIP,), stored in
the plasma membrane, to give both diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). A
rapid transient elevation of calcium (Ca2+) levels is a result of Ca®" release from intracellular
stores (endoplamic reticulum, ER) in response to IP3, which together with DAG activates protein
kinase C (PKC) in the plasma membrane. PKC inhibits the potassium (K*) channel, causing
depolarization: this depolarization causes the opening of voltage-dependent L-type ca”
channels. [Adapted from (Gao and Horvath, 2007)].
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Ghrelin also activates MAP kinase (MAPK) and PI3 kinase (PI3K) cascades in different
cellular systems to promote proliferation (Kim et al., 2004a, 2004b; Mazzocchi et al., 2004),
through various G protein subunits including G4a and a pertussis toxin (PTX)-sensitive G protein
(Gipa) (reviewed in Camifia, 2006). Moreover, ghrelin induces an increase in intracellular ca®
concentration through N-type Ca® channels influx in isolated neuropeptide Y producing
hypothalamic neurons (Kohno et al., 2003). Because N-type Ca®" channels are modulated by
cAMP-dependent protein kinase A (PKA) activation, this suggest that GHS-R1a is coupled to
Gsa in NPY-producing neurons in the hypothalamus (Kohno et al., 2003).

Additionally, in porcine somatotropes, ghrelin-stimulated GH secretion depends on
activation of nitric oxide/cyclic guanosine monophosphate (cGMP) signaling (Rodriguez-
Pacheco et al., 2005). Again in the hypothalamus, it was found that ghrelin enhances the
activity of 5’-AMP-activated protein kinase (AMPK) (Andersson et al., 2004), regulating the
energy balance (reviewed in Carling, 2005). However, the molecular mechanism by which
ghrelin regulates AMPK is still unknown. Ghrelin can also inhibit vascular inflammation through
the activation of the calmodulin-dependent kinase kinase (CaMKK), AMPK and endothelial nitric
oxide synthase (eNOS) (Xu et al., 2008). Other signaling pathways coupled to GHS-R1a are
Raf-MEK-MAPK and PI3K/Akt/GSK3B (reviewed in Frago et al., 2011). Altogether, these
observations suggest that GHS-R1a generates intracellular signaling mainly through the Gg1a
subunit of a G protein; however the specific intracellular pathways elicited by this receptor seem

to be dependent on the tissue type in which it is expressed.

Constitutive activity

Signal transduction from the extracellular environment via GPCRs in general requires a
conformational change from an inactive (R) to an active state (R*). Certain GPCRs are
stabilized in an active conformation without any ligand present. The ability to propagate the
intracellular signal in the absence of agonist is commonly known as constitutive activity
(reviewed in Aloyo et al., 2010). The number of GPCRs displaying constitutive activity with clear
physiological implications is not vast, but it is steadily growing (reviewed in Bond and ljzerman,
2006).

The GHS-R1a exhibits an unusual high constitutive activity, triggering intracellular
signaling with ~50% of its maximal capacity in the absence of the agonist, ghrelin (Holst et al.,
2003). The molecular basis of such activity appears to be related with three aromatic residues
located in TM6 and TM7, namely PheVI:16 (phenylalanine residue at the position 16 in the
transmembrane domain 6), PheVIl:06 and PheVII:09 (reviewed in Mear et al., 2013). This
region promotes the formation of a hydrophobic core between helices 6 and 7, to ensure proper
docking of the extracellular end of TM7 into TM6, mimicking agonist activation and stabilizing
the receptor in the active conformation (Holst et al., 2004). TM6 and TM7 movements into their

inward-bend promoting the ligand-independent active conformation can be stoically blocked
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using a modified substance P inverse agonist [D-Arg’, D-Phe’, D-Trp”®, Leu'']-substance P
(Holst et al., 2006).

Because it is well established that GHS-R1a generates intracellular signaling mainly
through the Gy11a subunit of a G protein (reviewed in Gao and Horvath, 2007), determination of
inositol phosphate (IP) accumulation was used as measure of constitutive activity in COS-7 cells
transfected with the human GHS-R1a. The ghrelin receptor displays a high degree of
constitutive signaling through the phospholipase C pathway, demonstrated by the gene dose-
dependent but ligand-independent increase in IP3 production, which is approximately 50% of the

maximal agonist-induced activity (Holst et al., 2003, 2004).

Holst and co-workers also found, in HEK-293 cells, that the transfection of GHS-R1a
resulted in a dose-dependent stimulation of the cAMP-responsive element (CRE) pathway as
monitored by a reporter assay using CRE-driven luciferase activity (Holst et al., 2003, 2004).
The activity of the transcription factor CRE binding protein (CREB) is generally believed to be
controlled by cAMP-dependent kinases, however it can also be activated by downstream
kinases of the G,a pathway, such as Ca”/calmodulin kinase IV or PKC (Matthews et al., 1994;
Singh et al., 2001). In spite of the well established involvement of the G4a type of G proteins in
the ghrelin receptor-mediated signaling, it is impossible to discard the involvement of Gsa and
cAMP in the agonist-independent signaling, because there are some indications that GHS-R1a

is also coupled to this subunit of G proteins (Kohno et al., 2003; Cuellar and Isokawa, 2011).

Performing serum responsive element (SRE) reporter assay on HEK-293 cells
transfected with GHS-R1a, Holst and co-workers observed a 10-fold increase in the ligand-
independent signaling compared to the cells transfected with the empty plasmid (Holst et al.,
2004). This increase was partially blocked by the Rho kinase inhibitor Y-27632, suggesting the
involvement of the G protein system G430, which is often functionally coupled to Rho signaling
pathway (Ponimaskin et al., 2002). Finally, GHS-R1a does not show any constitutive activity in
the pituitary cell line RC-4B/C.40, indicating that GHS-R1a constitutive activity may depend on
the cellular context (Falls et al., 2006). While many other signaling pathways have been shown
to play a role in the GHS-R1a ligand-dependent activation, further investigation is needed to
better understand which signaling pathways are involved in the GHS-R1a ligand-independent
activation. In particular, it is still unknown whether the GHS-R1a ligand-independent CRE-
activation passes through the calcium/calmodulin kinase and/or via the cAMP/PKA pathways
(Figure 13).
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Figure 13. GHS-R1a constitutive activity leads to the dissociation of a and By subunits of
heterotrimeric G proteins. The free G,a subunit activates the PLC that cleaves PIP; into IP;
and DAG. DAG activates the PKC, which in turn actives the Ca®" channels and inhibits the K*
channels gcontinuous line).The effects of IP; on the intracellular Ca** mobilization and the origin
of the Ca®" that activates the Ca®" calmodulin/kinase (CaMK) remain unclear and will need
further investigations (dotted line). It is not even clear whether the Gsa-mediated signaling is
activated or not. The binding of the inverse agonist to the GHS-R1a inhibits the G protein
signaling and decreases the IP; (via PLC) and CRE pathway (via phosphorylated CREB)
constitutive activation. [Adapted from (Mear et al., 2013)].

Recently, it has been suggested that the co-expression of the GHS-R1a receptor with
its truncated splicing variant 1b decreases its constitutive activity. GHS-R1a receptors can be
retained in the ER by heterodimerization with GHS-R1b, decreasing the constitutive activation
of phospholipase C due to the decrease in the cell surface expression of GHS-R1a (Leung et
al., 2007; Chow et al., 2012).

Several reports have now demonstrated the physiological relevance of GHS-R1a
constitutive activity. Wang and co-workers identified two polymorphisms, Ala204Glu (alanine at
the position 204, located in the second extracellular loop, exchanged for a glutamate) and
Phe279Leu (phenylalanine at the position 279, located in the TM6, exchanged for a leucine —
corresponding to PheVII:06), associated with obesity and short stature, respectively (Wang et
al., 2004). Both amino acids are highly conserved among humans, swine, and rats (Wang et al.,
2004). A recent study has re-stated that an Ala204Glu missense allele segregates with both
short stature and obesity (Pantel et al., 2006).

Both mutated residues have been implicated in the constitutive signaling of GHS-R1a.
Phe279 (PheVIl:06) is part of an unusual cluster of aromatic residues located on the inner faces
of TM VI and VII, which are essential in holding the ghrelin receptor in the active conformation.
Removal of the aromaticity at position 279 (VII:06) selectively eliminates the constitutive activity
(Holst et al., 2004). When GHS-R1a, carrying the mutation Ala204Glu, is transfected in HEK-
293 cells, the expressed receptor displays reduced constitutive activity and lower expression at
the plasma membrane (Pantel et al., 2006). However, ghrelin bound with normal affinity and

stimulated signal transduction with normal potency and normal apparent efficacy (Pantel et al.,
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2006). Altogether, these observations suggest that selective loss of ghrelin receptor constitutive

activity causes a syndrome of short stature and obesity (reviewed in Holst and Schwartz, 2006).

Recently the constitutive activity of the ghrelin receptor was implicated in the control of
food intake and body weight in vivo. The intracerebroventricular injection of the inverse agonist
of the ghrelin receptor [D-Arg1, D-Phe®, D-Trp7’9, Leu”]-substance P significantly decreased the
food intake and body weight in rats (Petersen et al., 2009). In addition, the basal level of CREB
phosphorylation in a hypothalamic cell line was decreased by treatment with the inverse agonist
and increased by treatment with ghrelin (Petersen et al., 2009). The most surprising finding of
this study is that an inverse agonist, which does not affect the ghrelin-induced food intake, was
able to inhibit the food intake and prevent body weight gain observed in the control groups.
Recently, it was also found that GHS-R1a constitutive activity increases limbic seizures in
rodents (Portelli et al., 2012). Although the recent evidence indicating that ghrelin receptor
constitutive activity plays a role in various physiological functions, most of the studies performed
so far focused on the molecular aspects. Thus, certainly many questions are still pending in this
field, in particular regarding the physiological relevance of this unusual and uncharacterized
aspect of ghrelin receptor. The answer to these questions may lead to developing novel and

unique therapies for various disorders (reviewed in Mear et al., 2013).

Physiological Functions of Ghrelin

Both ghrelin and its receptor are ubiquitously expressed in the periphery as well as in
the central nervous system suggesting the involvement of ghrelin-mediated signaling in a
plethora of biological functions (Table I) (reviewed extensively in Korbonits et al., 2004, van der
Lely et al., 2004, Kojima and Kangawa, 2005, 2010, Gao and Horvath, 2007, Chen et al., 2009
and Sato et al., 2012). Among the physiological functions of ghrelin, here we will focus on its
very well described role on the regulation of appetite. Additionally we will also discuss ghrelin’s

function on obesity, anxiety and food reward.
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Table I. Physiological functions of ghrelin in humans or rats. ACTH, adrenocorticotrophic
hormone; AMPK, 5-AMP-activated protein kinase; GH, growth hormone; PRL, prolactin.
[Adapted from (Sato et al., 2012)].

Functions Effects Organs Species

Pituitary hormone secretions

GH 0 pituitary humans, rats
PRL t (weak) pituitary humans
ACTH t (weak) pituitary humans
Appetite regulations
Food intake 0 humans, rats
AMPK activity 0 hypothalamus rats
Lipid metabolisms
Adiposity 0 rats
Triglyceride 0 white adipose tissue, liver rats
Glucose metabolisms
Blood glucose 0 humans
Insulin l Pancreas humans
Cardiovascular functions
Blood pressure l humans, rats
Cardiac output 0 rats

Gastric functions

Gastric acid secretion 0 Stomach rats

Gastric movement 0 Stomach rats
Bone metabolism

Osteoblast differenciation 0 Bone rats

Bone mineral density 0 Bone rats

1, stimulate; |, decrease.
Appetite regulation

Feeding is a basic behavior that is necessary for life. Long-term lack of food results in
death. It is well accepted that appetite is controlled by the brain and that feeding behavior is
regulated by complex mechanisms in the central nervous system, in particular the
hypothalamus. For instance, removal of the lateral hypothalamus causes hypophagia
(decreased feeding), leading to death due to severe weight loss, while removal of the
ventromedial hypothalamus causes hyperphagia (increased feeding) (reviewed in Schwartz et
al., 2000, Vettor et al., 2002 and Druce and Bloom, 2003). Thus feeding is regulated by a
balance of stimulating and inhibiting forces in the hypothalamus. Recent identification of
appetite-regulating humoral factors reveals regulatory mechanisms not only in the central
nervous system but also mediated by factors secreted from peripheral tissues (reviewed in
Neary et al.,, 2004, Small and Bloom, 2004, Ukkola, 2004 and Wynne et al., 2004). Leptin,
produced in adipose tissues, is an appetite-suppressing (anorexigenic) factor that transmits
satiety signals to the brain (reviewed in Friedman, 2002). Hunger (orexigenic) signals from

peripheral tissues, remained unidentified until the discovery of ghrelin (Kojima et al., 1999).

30



Introduction

NPY/AgRP
GABA

Satiety

GHS-R/LR j

< POMCla-MSH
__ GABA

Figure 14. Two subsets of neurons in the ARC have opposite effects on feeding.
Activation of POMC cells by leptin promotes satiety triggered by the release of POMC-driven a-
MSH at target sites where it binds to melanocortin 4 receptor (MC4R). NPY neurons also
express agouti-related peptide (AgRP). These cells are inhibited by leptin but stimulated by
ghrelin, which promotes feeding, decreases energy expenditure, and silences POMC neuron
firing. The effect of the NPY cells is mediated by three distinct mechanisms: i) GABA, ii) NPY,
and iii) AgRP, an inverse agonist of MC4R antagonizing the anorexigenic effects of a-MSH.
[Adapted from (Gao and Horvath, 2007)].

Among the hypothalamic regions involved in the appetite regulation, the arcuate
nucleus (ARC) has a pivot role (Figure 14). This region contains two subsets of neurons that
have opposite effects on feeding, and which are located in an anatomically strategic place,
because they are close to fenestrated capillaries at the base of the hypothalamus, giving them
access to various humoral signals that are restricted from other portions of the brain (Benoit et
al., 2000; Cone et al., 2001). One set of neurons expresses pro-opiomelanocortin (PMOC) and
when stimulated they produce anorexigenic effects (Boston et al., 1997). The POMC precursor
is cleaved into melanocyte-stimulating hormones (a-, -, and y-MSH), B-endorphin, and
adrenocorticotrophic hormone (ACTH) (Cone, 2005). Of these, a- and B-MSH reduce food
intake and body weight and increase energy expenditure in animals and humans (Fan et al.,
1997; Biebermann et al., 2006; Lee et al.,, 2006b). Both a- and B-MSH act on melanocortin
receptor subtypes 3 and 4 (MC3/4R) (Adan et al., 1994), which are abundant particularly in the
ARC (Mountjoy et al., 1994). The second group of cells in which increased activity leads to
orexigenic responses contain neuropeptide Y (NPY) and the agouti gene-related peptide
(AgRP) (Ollmann et al., 1997; Baskin et al., 1999). NPY potently stimulates feeding and reduces
energy expenditure (Clark et al., 1984; Stanley and Leibowitz, 1984). It is found throughout the
central nervous system (Sahu et al., 1988), with its highest concentration in the ARC (Chronwall
et al., 1984). AgRP is also orexigenic. It acts as a natural antagonist of MC3/4R (Ollmann et al.,
1997), thereby reducing the anorexigenic effect of a-MSH. Ghrelin from the plasma increases

the rate of secretion of NPY and AgRP. Moreover, it stimulates presynaptic GHS-R located in
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the NPY cells axons connecting to POMC cells, inducing the release of the inhibitory
neurotransmitter GABA to inhibit the POMC neurons. On the other hand, plasma leptin triggers
the release of a-MSH and inhibits the release of NPY and AgRP. Thus, ghrelin and leptin have
a competitive interaction in feeding regulation (appetite vs satiety) (Figure 14).

Moreover, it has been suggested that ghrelin-expressing neurons in the hypothalamus
also have a important role on regulation of appetite (Cowley et al., 2003). In the ARC, these
ghrelin-containing neurons send efferent fibers onto NPY- and AgRP-expressing neurons to
stimulate the release of these orexigenic peptides; and also stimulate the release of GABA from
these neurons, which acts in the POMC-containing neurons, suppressing the release of
anorexigenic peptides (Cowley et al., 2003). Ghrelin-expressing neurons also send efferent
fibers onto NPY neurons in the PVH; however, in this hypothalamic nucleus the neuronal
network of ghrelin-expressing neurons is more complex (Cowley et al., 2003; reviewed in
Korbonits et al., 2004).

Ghrelin on the onset of appetite and obesity

Ghrelin is currently the only described orexigenic hormone from the periphery, which
acts centrally to modulate the energy homeostasis. The important role of ghrelin in the
regulation of appetite and satiety is well established and the orexigenic effects of peripheral or
central ghrelin administration are widely documented in rodents (Tschép et al., 2000; Wren et
al., 2000, 2001b; Asakawa et al., 2003; Finger et al., 2011a, 2011b; Rolland et al., 2011), as
well as in (lean and obese) humans (Wren et al., 2001a; Druce et al., 2005). Plasma ghrelin
levels rise prior to food ingestion and under conditions of caloric restriction and decrease
postprandially, and considerable evidence supports a role for ghrelin in the sensation of hunger
and meal initiation, increasing food intake and body weight (Cummings et al., 2001; Tschop et
al., 2001a, 2001b; Lutter et al., 2008). In rodents, ghrelin-induced gain weight is based on

accretion of fat mass gain by reducing fat utilization (Tschoép et al., 2000).

In addition, ghrelin appears relevant for some types of human obesity (reviewed in
Hillman et al., 2011). The marked and prolonged weight loss induced by Roux-en-Y gastric
bypass (RYGB) surgery is thought by many to be enhanced by post-bypass reductions in
circulating ghrelin. As first reported in 2002, 24-hour ghrelin profiles of RYGB subjects were
>70% lower than those of obese control subjects (Cummings et al., 2002b). Most subsequent
RYGB trials have confirmed this relative ghrelin deficiency, as opposed to the rise in ghrelin
observed with dieting or other instances of energy insufficiency (reviewed in Cummings et al.,
2005, Lee et al., 2006a and Thaler and Cummings, 2009). While most obese individuals have
reduced baseline levels of circulating ghrelin as compared with normal subjects (reviewed in
Hillman et al., 2011), in Prader-Willi Syndrome elevated ghrelin levels exist and have been
postulated by some authors to contribute to the unrelenting hyperphagia and weight gain
characteristic of this syndromic form of obesity (Cummings et al., 2002a; Tauber et al., 2004).
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These findings have supported the notion that blocking ghrelin action may be an effective
strategy to reduce body weight or prevent the development of obesity (Zorrilla et al., 2006). In
fact, reduction of bioavailable ghrelin or daily administration of GHS-R1a antagonists to diet-
induced obese mice lower body weights and reduce food intake (Shearman et al., 2006; Zorrilla
et al., 2006; Esler et al., 2007; Rudolph et al., 2007).

Ghrelin and anxiety

Both central and peripheral administration of ghrelin induce anxiogenesis, when
assessed by the elevated plus maze test (Asakawa et al., 2001b; Carlini et al., 2002, 2004;
Carvajal et al., 2009). In agreement with this idea, anti-sense oligonucleotides against ghrelin
produced an anxiolytic response (Kanehisa et al., 2006). These findings support the notion that

ghrelin promotes anxiogenesis.

It was found that rodents and/or humans with cachexia of various etiologies and
anorexia nervosa have high circulating ghrelin (Otto et al., 2001; Wisse et al., 2001; Tolle et al.,
2003; Garcia et al.,, 2008). It was hypothesized that the endogenous ghrelin elevations
associated with cachexia and anorexia nervosa serve as a protective function against what
otherwise would be a more severe phenotype (reviewed in Perell6 and Zigman, 2012 and
Schellekens et al., 2012). In agreement, Lutter and co-workers found that the enhanced ghrelin
plasma levels induced by stress help to minimize depressive-like symptoms of chronic stress
(Lutter et al., 2008), suggesting that ghrelin can also produce anxyolitic and anti-depressive
responses. In agreement with this idea, Spencer and co-workers found that in the absence of
endogenous ghrelin, mice are more anxious after acute stress, and exogenous ghrelin reversed
this effect (Spencer et al., 2012), suggesting a physiological relevance of endogenous ghrelin in
stress and anxiety. The reasons for the conflicting functions of ghrelin on stress (anxiety vs.
anxiolytic function) are currently unclear (reviewed in Andrews, 2011). It was also suggested
that the genetic ablation of ghrelin receptor increases the anxiety-like behavior when assessed
by open field test in mice (Albarran-Zeckler et al., 2012), suggesting additionally a role as
anxiolytic for ghrelin mediated-signaling. The implication of ghrelin in mood is further supported
by the discovery of polymorphisms in the gene encoding ghrelin that are associated with
depression (Nakashima et al., 2008), and the evidence that ghrelin levels can be decreased in

depressed patients (Barim et al., 2009).

Food reward behavior

The sensation of appetite triggers signaling pathways to initiate food intake when
nutrients are low. However, food also elicits pleasurable and rewarding signals, mediated via
dopamine release in the mesolimbic circuitry system, which can override satiety and stimulate
appetite independently of metabolic needs (reviewed in Kenny, 2011). The non-homeostatic

motivational factors to obtain a food reward increase with food palatability and caloric content
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and the resulting over-consumption is being recognised as a key component in the underlying

causes for the increase in obesity incidence (reviewed in Schellekens et al., 2012).

The non-homeostatic feeding involves extra-hypothalamic neurocircuitry, including
cortical areas, as well as areas within the mesolimbic dopaminergic pathway, including the
ventral tegmental area (VTA), nucleus accumbens, hippocampus and amygdala (reviewed in
Skibicka and Dickson, 2011). Additionally, the extensive glutamatergic afferents to
dopaminergic neurons from regions involved with sensory (insula or primary gustatory cortex),
homeostasis (hypothalamus), reward (nucleus accumbens), emotional (amygdala and
hippocampus), and multimodal (orbifrontal cortex for salience attribution) processes, modulate
their activity in response to rewards and to conditioned cues (reviewed in Geisler and Wise,
2008 and Volkow et al., 2011).

Ghrelin has recently emerged as one of the major contributing factors to reward-driven
feeding that can override the state of satiation (reviewed in Diz-Chaves, 2011, Perell6 and
Zigman, 2012 and Schellekens et al., 2012). Firstly, high levels of the GHS-R1a have been
reported in the VTA (Guan et al.,, 1997; Zigman et al., 2006), while the direct ghrelin
administration in the VTA induced overflow of dopamine within the nucleus accumbens as
measured by microdialysis in freely moving mice (Jerlhag et al., 2007), which supports a role for

ghrelin in the VTA mediated reward signaling.

Microinjection of ghrelin in VTA has been shown to stimulate food intake (Naleid et al.,
2005; Abizaid et al., 2006), especially the intake of palatable food (Egecioglu et al., 2010).
Moreover, the effects of peripheral ghrelin on food intake were blocked by intra-VTA
administration of a GHS-R1a antagonist (Abizaid et al., 2006). Consistent with this, peripheral
treatment with a GHS-R1a antagonist decreased preference for palatable food, suppressed the
ability of sweet treats to condition a place preference (Egecioglu et al., 2010), and suppressed
motivated behavior for rewarding foods, both sweet (Egecioglu et al., 2011; Hansson et al.,
2011; Skibicka et al., 2012) and high-fat foods (Perello et al., 2010).

Ghrelin’s actions on food reward also are relevant in humans. In particular, ghrelin
administration to human subjects during functional magnetic resonance imaging increases the
neural response to food pictures in several brain regions implicated in hedonic feeding,
including the amygdala, orbitofrontal cortex, hippocampus, striatum, and VTA (Malik et al.,
2008). Altogether, these data support an idea for a physiological role of ghrelin increasing the

incentive motivation for natural rewards such as food.
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Cognitive Enhancing Effect of Ghrelin and Ghrelin

Receptor Agonists

The first report showing that ghrelin could affect cognition was by Carlini and co-
workers, who demonstrated that ghrelin increases in a dose-dependent manner the latency time
in the step-down test (inhibitory avoidance) after intracerebroventricularly (ICV) injection in rats,
when given immediately post training, suggesting an increase in memory retention (Carlini et
al., 2002). In order to more precisely define the exact site of ghrelin action, the same group then
repeated the experiment and used intraparenchymal injections of increasing ghrelin
concentrations in the hippocampus, amygdala and dorsal raphe nucleus (DRN) (Carlini et al.,
2004). Following behavioral testing they concluded that ghrelin provides a dose-dependent
increase in memory, with the maximal effect occurring in the hippocampus (Carlini et al., 2004).
Consistent with this result, ghrelin (infusion into the dorsal hippocampus of both hemispheres)
significantly improved spatial memory in rats, assessed with the Morris water maze test (Chen
et al.,, 2011). Furthermore, it was found that intra-hippocampal ghrelin injection improves
memory retention when administered previous to the training session in the step-down test, but
not when administered previous to the test session, suggesting that ghrelin could modulate
specific molecular intermediates involved in memory acquisition and/or consolidation, but not in
memory retrieval (Carlini et al., 2010a). Diano and co-workers observed that a single
subcutaneous injection with ghrelin in rats, before testing the animals, produced a marked
improvement of alternation performance in a spontaneous alternation plus-maze task,
suggesting an enhancement on spatial memory (Diano et al., 2006). They further analyzed the
influence of ghrelin ICV administration, immediately after training, on retention performance in
T-maze foot-shock avoidance and step-down passive avoidance tasks in mice (Diano et al.,
2006). Ghrelin, in a dose-dependent manner, improved retention in both tasks when
administrated immediately after training, suggesting an effect on memory consolidation (Diano
et al., 2006) in agreement with the results obtained by Carlini and co-workers (Carlini et al.,
2010a). Additionally, using SAMP8 mice (with a phenotype mimicking pathological and cognitive
signs of Alzheimer disease), ghrelin improved retention of T-maze foot shock avoidance in 12-
month old and 14-month old mice (Diano et al., 2006). Interestingly, ghrelin knockout mice did
not exhibit increased exploration time of the novel object, suggesting impairment in their
memory of the previous objects (Diano et al., 2006). However, this functional deficiency
disappeared rapidly upon ghrelin subcutaneous administration, suggesting that endogenous

ghrelin has a physiological role on improving learning and memory performance.

The effect of treatment with ghrelin receptor agonists in hippocampal-dependent
memory processes was also evaluated. The subcutaneous injection of the ghrelin mimetic
LY444711 produced a marked improvement of alternation performance in a spontaneous
alternation plus-maze task (Diano et al., 2006). The oral administration (GSG894490A) and the
subcutaneous administration (CP-464709-18) of two structurally-related non-peptide ghrelin
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receptor agonists significantly improved performance in the novel object recognition and
modified Morris water maze tests (Atcha et al., 2009). Ghrelin receptor knockout mice also
display impairments in Morris water maze test (Davis et al., 2011). In disagreement, Albarran-
Zeckler and co-workers found that ghrelin receptor knockout mice have improved spatial
memory in the Morris water maze test (Albarran-Zeckler et al., 2012). One explanation for these
discrepancies between studies might be the age. Studies that compared 8-12 months old to 3
month old wild-type C57BL/6 mice have shown deficits in older mice in Morris water maze test
(Gower and Lamberty, 1993).

Finally, ICV administration of ghrelin in neonatal chicks, after training, induced an
impairment of memory performance in the passive avoidance task, suggesting a conserved
evolutionary role for ghrelin in memory regulation in vertebrates (Carvajal et al., 2009). In
agreement, ICV injection of ghrelin, which stimulates feeding in rats, strongly suppressed
feeding in neonatal chicks (Furuse et al., 2001; Saito et al., 2005). Why ghrelin suppresses
rather than stimulating food intake and memory retention in neonatal chicks remains to be
elucidated. Such discrepancies may be due to species properties or the affected site in the
brain. These results indicate that species properties are a relevant factor in the ghrelin-mediated
effects. Altogether, these results suggest that ghrelin receptor mediated-signaling is an
important modulator of hippocampal-dependent cognition. Specifically, ghrelin is thought to play

a role in memory retention.

The ability to locate food sources, remember those locations, and recall whether all
available food has been consumed are evolutionarily important skills for survival (Moran and
Gao, 2006). Energy would not be wasted looking in low-probability sites or returning to sites
where all the food had already been eaten (Moran and Gao, 2006), thus suggesting the
necessity of a tight connection between feeding-associated behavior and energy balance.
Ghrelin may control higher brain functions (in addition to its role as a meal initiation factor) and
represent this molecular link between learning capabilities associated to feeding behavior and
energy metabolism. However, the precise molecular mechanisms that underlie the effects of
ghrelin on hippocampal function remain to be elucidated. In particular, the effect of ghrelin
receptor-mediated signaling on long-term potentiation (LTP). The LTP-related mechanism,
which is considered the molecular and cellular model for activity-dependent synaptic plasticity in
the hippocampus (Bliss and Collingridge, 1993), and a substrate for spatial memory and
memory retention (Pavlides et al., 1991; Béhme et al., 1993), will be explored later in this
chapter (section “The glutamatergic synapse”). In that section the excitatory synapse will be
introduced, as well as the glutamate receptors [in particular, AMPA (a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid)- and (NMDA) N-methyl-D-aspartate (NMDA)-type receptors],
which are required for the induction as well as for the expression of this form of plasticity
(reviewed in Collingridge et al., 2004).
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Cellular and Molecular Mechanisms Underlying the
Cognitive Enhancing Effect of Ghrelin Receptor-

Mediated Signaling

The spine density hypothesis

Diano and co-workers showed that peripherally administered (intraperitoneal
injection) ghrelin crosses the blood-brain barrier, accumulates and binds to neurons in the
hippocampus, increasing dendritic spine formation (Diano et al., 2006). Spine synapse density
in the CA1 subfield of the hippocampal formation was significantly higher in ghrelin-treated
animals compared to vehicle-treated controls, while in ghrelin knockout mice (Ghrf/‘) there was
a reduction in spine density (Diano et al., 2006). The peripheral injection of ghrelin resulted in a
shift in spine density of Ghr”~ animals towards the wild-type values, suggesting that
endogenous ghrelin controls spine synapse density (Diano et al., 2006). Additionally it was
recently shown that application of ghrelin for 60 min or 23 h, in organotypic hippocampal slices,
increases the phalloidin (mushroom toxin that has a high affinity to polymerized F-actin)
fluorescence signal in the stratum radiatum of the CA1 subfield, suggesting an increase in
dentritic spine density in this hippocampal region (Berrout and Isokawa, 2012) in agreement
with Diano and co-workers (Diano et al., 2006). This increase was blocked in the presence of
the GHS-R1a antagonist [D-Lysa]-GHRP-G and when ghrelin was removed from the culture
medium after 1 h, and the slices incubated for the subsequent 22 h without ghrelin (Berrout and
Isokawa, 2012). This result suggests that maintenance of ghrelin-induced increase in spine
density may require continuous activation of the ghrelin receptor and downstream signaling
mechanisms. Finally, the density of ghrelin receptor did not change after activation, suggesting

that the ghrelin receptor may not be internalized by activation (Berrout and Isokawa, 2012).

The LTP hypothesis

To determine whether ghrelin may affect synaptic plasticity in the CA1 subfield, Diano
and co-workers treated acute hippocampal slices for 30 min with ghrelin and then performed 10-
Hz (200 pulses) stimulation or series of four theta-burst stimuli (TBS). They did not observe
effects of ghrelin on LTP induced by TBS, but observed an increase in the excitatory
postsynaptic potential (EPSP) slope after 10-Hz stimulation in slices treated with ghrelin (Diano
et al.,, 2006). However, this 10 Hz stimulation is not established as an electrical stimulation

protocol for LTP-related hippocampal synaptic plasticity (reviewed in Albensi et al., 2007).

In another study, ghrelin infusion prevented the decline of high frequency stimulation
(HFS)-induced LTP in vivo (180 min after LTP induction by HFS), in the dentate gyrus (DG), in a

MAP kinase-dependent manner (Chen et al., 2011). However, the effect of ghrelin was only
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detected on the late-phase of LTP, which is critically dependent on new protein synthesis, and
not on the early phase of LTP that lasts for up to 2 h and requires modification of pre-existing
proteins (reviewed in Kelleher et al., 2004 and Lynch, 2004). Finally, Carlini and co-workers
demonstrated, in acute hippocampal slices, that ghrelin administration into the CA1 subfield of
the hippocampus reduces the threshold to generate LTP (using a protocol based in HFS) in the
DG, which was blocked by pre-administration of an nitric oxide synthase (NOS) inhibitor (Carlini
et al., 2010b).

The serotonin hypothesis

It has also been suggested that the administration of selective serotonin reuptake
inhibitors (SSRI), before ghrelin injection (intra-hippocampal), plays an inhibitory effect upon the
increase in memory retention elicited by ghrelin (Carlini et al., 2007). Thus, low serotonin levels
possibly represent a prerequisite for the expression of the ghrelin effect on memory retention
proposed by Carlini and co-workers (Carlini et al., 2002, 2004). In agreement with this idea, the
infusion of ghrelin in the CA1 subfield of hippocampus inhibited serotonin release from
hippocampal slices, prepared from animals previously trained in the step down test, and which
showed to have an increase in latency time when subjected to this behavioral test (Ghersi et al.,
2011). This finding, along with the increase in NOS activity observed in rats upon intra-
hippocampal injection with ghrelin (Carlini et al., 2010b), led the authors to propose the
following possible mechanism: the binding of ghrelin to its receptors in the hippocampus
increases intracellular levels of calcium, stimulating NOS activity and leading to an increase of
nitric oxide (NO), which inhibits serotonin release (Ghersi et al., 2011). Thus, the increase of NO
and decreased levels of serotonin could justify the increase in memory retention upon treatment
with ghrelin (Ghersi et al., 2011). It has been suggested that serotonin and SSRI compounds
inhibit LTP in various physiological assays (Corradetti et al., 1992; Mori et al. 2001; Kojima et
al., 2003; Kim et al., 2006), while NOS inhibitors increase serotonin levels in hippocampus
(Wegener et al., 2000). Additionally, they showed that pre-administration of an NOS inhibitor,
similarly to SSRI compounds, prevented the effect induced by ghrelin in memory retention when

assessed by the step-down test (Carlini et al., 2010b).

The PI3 kinase pathway hypothesis

A single ghrelin infusion induced long lasting potentiation in vivo in the DG (reaching
a peak 120 min after ghrelin infusion), enhancing both postsynaptic granule cell excitability and
presynaptic transmitter release (Chen et al., 2011). Surprisingly, ghrelin-induced potentiation
was not attenuated by application of the competitive NMDARs antagonist AP5, suggesting that
NMDARSs could play minor role in the expression of ghrelin-induced potentiation in the DG
(Chen et al., 2011). Ghrelin infusion into the hippocampus also time-dependently enhanced the

473

phosphorylation of Ser™ in Akt, a critical downstream molecule in the PI3 kinase (PI3K)

pathway; treatment with inhibitors of PI3K blocked the effect of ghrelin infusion on the synaptic
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response (Chen et al., 2011). This is the first experimental evidence suggesting activation of the
PI3K signaling pathway in the hippocampus by ghrelin, similarly to what was observed in other
cellular systems (reviewed in Gao and Horvath, 2007). Finally, the enhancement of spatial
memory mediated by infusion of ghrelin, assessed by the Morris water maze test, was

prevented by pretreatment with an PI3K inhibitor (Chen et al., 2011).

The PKA pathway hypothesis

Cuellar and Isokawa report evidence that ghrelin treatment for 60 min in hippocampal
organotypic slices may activate protein kinase A (PKA) (Cuellar and Isokawa, 2011). They
found that ghrelin treatment increases, in a dose-dependent manner, the phosphorylation of
CREB at Ser'®, an effect that was abolished by the GHS-R1a antagonist [D-Lys’]-GHRP-6 and
in the presence of an PKA inhibitor (Cuellar and Isokawa, 2011). Additionally, the increase in
CREB phosphorylation induced by ghrelin was blocked by AP5 and a specific inhibitor of
GIuN2B-containing NMDARs, and by the endocannabinoids anandamide and 2
arachidonoylglycerol (2-AG) [agonists of the type 1 cannabinoid receptor (CB1R), a Gja protein-
coupled receptor] (Cuellar and Isokawa, 2011). The intensity of phospho-GIluN1
immunofluorescence increased upon ghrelin treatment (in particular in stratum radiatum of CA1
subfield) compared to control slices, and this increase was blocked in the presence of
anandamide and 2-AG (Cuellar and Isokawa, 2011). Of particular interest, Cuellar and Isokawa
proposed that in the hippocampus ghrelin stimulates cAMP production and therefore activation
of PKA, suggesting that in this region the ghrelin receptor may also be coupled to G a protein-
associated signaling pathway, as already described in other contexts (reviewed in Muccioli et
al., 2007). The authors argue that upon ghrelin stimulation there is activation of PKA resulting in
the enhancement of NMDARs function by increasing the phosphorylation of GluN1; however,
the phosphorylated residues in GIuN1 were not identified, and it is not known whether the
described ghrelin-mediated increase on GIuN1 phosphorylation depends on PKA activation.
Nevertheless, this is an interesting study showing that ghrelin increases the phosphorylation of
CREB in the hippocampus through the PKA signaling pathway, as well as the phosphorylation

of GIuN1, which seems to be negatively regulated by endocannabinoids.

The involvement of NMDARSs in ghrelin’s mediated effect in the hippocampus was
further confirmed. Goshadrou and co-workers found that the ICV injection of ghrelin,
immediately after training session, improved the memory impairments induced by intraperitoneal
injection of MK-801 (a non-competitive antagonist of NMDARSs), when assessed by a passive
avoidance task (Goshadrou et al., 2013), thus suggesting that the beneficial effects of ghrelin on
cognition are mediated partly via the NMDARSs signaling.

In conclusion, ghrelin receptor-mediated signaling in the hippocampus may affect
memory retention by regulating the following processes, eventually through the PI3K or PKA
pathways:
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i) spine synapse density;

ii) LTP;

iii)  serotonin release (LTP);

iv)  synaptic transmission (postsynaptic excitability and presynaptic transmitter release);

V) NMDARs function.

These aspects are intimately associated with the excitatory synaptic transmission in
hippocampus. In accordance with this and with the aim to understand the molecular and cellular
mechanisms underlying the cognitive enhancing effect of ghrelin, the excitatory synapse will be
introduced in the next section. The synaptic trafficking of AMPA-type receptors of glutamate will
be addressed with particular depth, because it is required for the expression of long-term
potentiation (LTP) and long-term depression (LTD), long-lasting experience-dependent changes
in the efficacy of synaptic transmission, which may constitute the cellular substrates of learning

and memory.
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Several studies have revealed that learning induces long lasting changes in the synaptic
strength of central glutamatergic synapses (Rioult-Pedotti et al., 2000; Dragoi et al., 2003;
Gruart et al., 2006; Whitlock et al., 2006). This plasticity is essential for maintaining memory and
learning (Pastalkova et al.,, 2006) and is associated with membrane trafficking and
phosphorylation of synaptic a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid-type
glutamate receptors (AMPARS) (Lee et al., 2003; Takahashi et al., 2003). With these thoughts
in mind we will begin by introducing the excitatory glutamatergic synapse, and then discuss in

detail the mechanisms that regulate the synaptic trafficking of AMPARSs.

The Glutamatergic Synapse

All brain processes, such as the ability to learn and remember and those involved in
emotions, are possible because of the incredibly complex connectivity between neurons in the
brain. The human brain contains at least 100 billion neurons, each with the ability to influence
many other cells. Clearly, sophisticated and highly efficient mechanisms are needed to enable
communication among this astronomical number of elements. Such communication is made
possible by synapses, the functional contacts between neurons. Two categories of synapses —

electrical and chemical can be distinguished on the basis of their mechanisms of transmission.

In the case of electrical synapses, current flows through gap junctions, which are
specialized membrane channels that connect two cells. In contrast, chemical synapses enable
cell-to-cell communication via the secretion of neurotransmitters; these chemical agents
released by the presynaptic neuron produce secondary current flow in the postsynaptic neuron
by activating specific receptor molecules. The secretion of neurotransmitters is triggered by the
influx of Ca** through voltage gated channels, which gives rise to a transient increase in ca®
concentration within the presynaptic terminal. The rise in Ca® concentration causes synaptic
vesicles to fuse with the presynaptic plasma membrane and release their contents into the
space between the pre- and postsynaptic cell (synaptic cleft). The neurotransmitter
concentration in the synaptic cleft remains high for only a very brief period. Neurons
communicate with each other primarily through fast chemical synapses; hence from now on we

will devote our attention to this type of synapses.

The neurotransmitter binding to postsynaptic receptors produces a postsynaptic
conductance change as ion channels are opened (or sometimes closed). This conductance
change typically generates an electrical current, the postsynaptic current (PSC), which in turn
changes the postsynaptic membrane potential to produce a postsynaptic potential (PSP).
According with the effect of presynaptic stimulation on the PSP, chemical synapses can be
classified as excitatory or inhibitory. Excitatory synapses induce an excitatory postsynaptic
potential (EPSP) that depolarizes the membrane toward the threshold required for activation of

an action potential. Conversely, inhibitory synapses induce an inhibitory postsynaptic potential
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(IPSP) that hyperpolarizes the membrane away from the threshold potential (reviewed in
Hausser et al.,, 2000). In other words, excitatory synapses increase the likelihood of a

postsynaptic action potential occurring, and inhibitory synapses decrease this likelihood.

Excitatory synapses occur mainly on tiny protrusions from the dentritic shaft called
dentritic spines. In contrast, inhibitory synapses are formed on the shaft of dendrites, or on cell
bodies and axon initial segments. The postsynaptic side of excitatory synapses differs from
inhibitory synapses not only in their content of neurotransmitters receptors but also in their

morphology and molecular composition and organization (reviewed in Sheng and Kim, 2011).

The Postsynaptic Density of Excitatory Synapses

Excitatory synapses are characterized by a morphological and a functional
specialization of the postsynaptic membrane called the postsynaptic density (PSD) (reviewed in
Sheng and Kim, 2011) (Figure 15). The PSD was first observed in electron micrographs as a
fuzzy electron-dense thickening of the postsynaptic membrane that is opposed to the
presynaptic active zone (Gray, 1959; Siekevitz, 1985), and therefore also called “asymmetric
synapses”. The PSD contains the glutamate receptors that are activated by the glutamate
neurotransmitter from the presynaptic terminal, as well as associated-signaling molecules and
structural molecules. A set of abundant scaffold proteins holds together the PSD by binding to
the glutamate receptors, other postsynaptic receptors and adhesion molecules, cytoplasmic

signaling enzymes, and cytoskeletal elements.
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Figure 15. Molecular organization of the PSD of excitatory synapses. Schematic diagram of
the major proteins of the PSD, with protein interactions indicated by direct contacts or overlaps
between the proteins. [Reproduced from (Sheng and Kim, 2011)].
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Glutamate Receptors

The vast majority of excitation in the central nervous system is mediated by
glutamate, a ubiquitous amino acid (reviewed in Watkins and Jane, 2006). In neurons,
glutamate is packed within synaptic vesicles by dedicated vesicular transporters (vGluTs) and
following presynaptic activity it is released in the synaptic cleft. It then diffuses rapidly across the
synaptic cleft and activates glutamate receptors localized primarily on the postsynaptic
membrane. There are two major classes of glutamate receptors: the ionotropic receptors
(iGluRs), ion channels, and the mebotropic receptors (mGIluRs), G protein-coupled receptors
(GPCRs).

GPCRs are membrane-bound proteins that are activated by extracellular ligands such
as light, peptides, and neurotransmitters, and transduce intracellular signals via interactions with
G proteins. They mediate slower synaptic responses (occurring over seconds and minutes),
rather than milliseconds as occurs for iGluRs. mGluRs are broadly distributed throughout the
CNS and are specifically localized at discrete synaptic and extrasynaptic sites in both neurons
and glia in virtually every major brain region. Activation of mGIuRs results in diverse actions on
neuronal excitability and synaptic transmission by modulation of a variety of ion channels and
other regulatory and signaling proteins (reviewed in Niswender and Conn, 2010). Because
iGluRs are essential for the induction and maintenance of synaptic plasticity, long-term changes
in synaptic efficacy that underlie the remarkable capacity of the brain to store and retrieve
information over extended periods of time (reviewed in Lischer and Malenka, 2012), from now

on we will focus our attention in this type of receptors.

lonotropic Glutamate Receptors

Mammalian iGluRs (reviewed in Smart and Paoletti, 2012) are encoded by a total of
18 genes that assemble into four major families the AMPA, kainate, NMDA, and delta receptors,
named after their most selective agonist (Watkins et al., 1981) (AMPARs, kainateRs, NMDARs,
and deltaRs, respectively) (Hollmann et al., 1989; Seeburg, 1993; Nakanishi and Masu, 1994;
Dingledine et al., 1999) (Figure 16).

lonotropic glutamate receptors (iGIuRs)

GluA1 GluK1 GluK4  GIuN1* GIluN2A GIuN3A* GluD1
GluA2 GluK2 GluK5 GIluN2B GIuN3B* GluD2*
GIuA3 GIuK3 GluN2C
GluA4 GIluN2D

* These subunits bind glycine or D-serine.

Figure 16. The four families of iGIuRs. Each subunit is encoded by a distinct gene. There is
no known mixing between families. [Reproduced from (Smart and Paoletti, 2012)].
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KainateRs are found both on presynaptic and postsynaptic compartments and have a
more modulatory rather than direct role at synapses (reviewed in Lerma, 2006 and Contractor et
al., 2011). DeltaRs are the least understood iGluRs largely because, in contrast to other iGIuRs,
their apparent incapacity to gate an ion channel following ligand binding makes them electrically
“silent” (Kohda et al., 2000; Schmid et al., 2009). The excitatory postsynaptic current (EPSC) is
typically mediated by members of the AMPAR and NMDAR families (Figure 17).

Full EPSC

NMDA component

AMPA component

Figure 17. Excitatory postsynaptic currents (EPSCs) comprise both-AMPA- and NMDA-
receptor components. Treatment with the NMDA receptor blocker AP5 or the AMPA receptor
antagonist NBQX reveals the other component in isolation, as shown. The EPSC is composed
of a brief AMPA receptor component and a more prolonged NMDA receptor component.
[Reproduced from (Siegel et al., 2006)].

Synaptic release of glutamate results in a two-component excitatory postsynaptic
current (EPSC) upon binding to AMPA and NMDA receptors. Activation of AMPA receptors
mediates a component that has rapid onset and decay, whereas the component mediated by
NMDA receptor activation has a slower rise time and a decay lasting up to several hundred
milliseconds (Figure 17). The long time course of NMDA receptor activation provides more

opportunity for temporal and spatial summation of multiple inputs.

AMPA and NMDA receptors contain ion channels that conduct fluxes of Na", Ca’" and
K* (Figure 18A). Activation of AMPA receptors leads to strong influx of Na* and only a small
efflux of K*, such that the net effect is depolarization of the postsynaptic neuron. Hence, the
influx of current through GluA2-containing AMPA receptors (most AMPARSs contain at least one
subunit of GIuA2) is normally largely carried by the movement of Na* from the extracellular face
to the intracellular compartment; these receptors have very low ca® permeability. Following
transcription, the GIuA2 subunit mRNA undergoes RNA editing, whereby the RNA coding for a
glutamine (Q) residue in the channel pore-forming region (within the short reentrant membrane
M2 loop) is exchanged for the RNA coding for arginine (R), this site has thus been named “Q/R
site” (Sommer et al.,, 1991). The Q/R site also provides a key endoplasmic reticulum (ER)
quality control check point, attenuating the formation of GluA2 homomeric channels (Greger et
al., 2002). The large arginine residue located in the pore region of the channels limits the flow of
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Na" and K* ions and prevents divalent ions from entering the cell. Thus, most AMPARs carry
inward currents at negative potentials and outward currents at positive potentials, and the

reversal potential is 0 mV, i.e., the current—voltage relationship is linear (Figure 18B).

On the other hand, GluA2-lacking AMPA receptors (e.g., GIluA1 homomeric channels or
GluA1/3 heteromeric channels) have a glutamine in the pore region instead of the arginine
residue present in edited GIuA2 subunits. Such channels have a high conductance for Na* and
are permeable to Ca®*. Because endogenous polyamines, which are negatively charged, can
also access a site close to the cytoplasmic mouth of the pore, the channels are inhibited at
positive potentials. In consequence, GluA2-lacking AMPA receptors have an inward-rectifying
current-voltage relationship (i.e., they conduct current more easily into the cell than out of the
cell; Figure 18B).

A AMPA receptor NMDA receptor
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Figure 18. Biophysical properties of synaptic AMPA and NMDA receptors. (A) When
glutamate binds to AMPA receptors, many sodium ions flow into the cell while only some
potassium ions leave the neuron, causing a net depolarization of the membrane. NMDA
receptors are also permeable to calcium but only if the magnesium ion is expelled by a slight
depolarization of the neuron. (B) The current-voltage (/-V) relationship provides a biophysical
signature for the different receptors. AMPA receptors have a linear /-V relationship when they
contain the subunit GluA2, but are inward-rectifying without GluA2. NMDA receptors have a
complex -V curve because Mg2+ blocks the pore at negative potentials. [Reproduced from
(Luscher and Malenka, 2012)].
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The current—voltage relationship of NMDARs is more complex. At resting and
hyperpolarized membrane potentials the concentration of Mg2+ in the extracellular fluid is
sufficient to virtually abolish ion flux through NMDA receptor channels even in the presence of
glutamate and the coagonist glycine. Thus, although glutamate and glycine are bound to their
receptive sites and the channel is “activated”, the entry of Mg2+ into the channel pore blocks the
movement of ions through the channel. In the presence of Mg2+ ions NMDA receptor channels
exhibit a characteristic J-shapped current—voltage relationship (Figure 18B). As the membrane
potential is made less negative or even positive, the affinity of Mg2+ for its binding site
decreases and the block becomes ineffective. It is important to note that NMDARs conduct
currents only when glutamate is bound and the postsynaptic neuron is depolarized. Hence, pre-
and postsynaptic neurons need to be active to open NMDARs. Through this mechanism
NMDARs play the role of molecular coincidence detectors, essential for several forms of

synaptic plasticity.

AMPA Receptors

AMPARs are the principal transducers of fast excitatory neurotransmission in the
mammalian brain, and are targets for multiple signaling pathways that regulate the strength of
glutamatergic synapses. AMPARs are tetrameric assemblies of highly homologous subunits
encoded by four different genes, GluA1-4. The trafficking of AMPARs into and out of synapses
is highly dynamic and is regulated by subunit-specific AMPAR interacting proteins as well as by
various post-translational modifications that occur on their cytoplasmic carboxyl terminal (C-
terminal) domains. The regulated trafficking of AMPARs is a major mechanism underlying
activity-induced changes in synaptic transmission (reviewed in Derkach et al., 2007, Shepherd
and Huganir, 2007, Santos et al., 2009 and Anggono and Huganir, 2012).

AMPAR structure and subunit composition

AMPARSs are assembled by the association of two dimers in tetramers (Rosenmund
et al., 1998; Sobolevsky et al., 2009) composed of one (homomeric) or two (heteromeric) of the
four AMPARSs subunits (reviewed in Traynelis et al., 2010). At mature hippocampal excitatory
synapses, AMPARSs consist predominantly of GluA1/GIuA2 and, in some cases, of GIuA2/GIuA3
subunits (Wenthold et al., 1996; reviewed in Kauer and Malenka, 2006). AMPARs subunits
GluA1-GluA4 combine in different stoichiometries (Hollmann and Heinemann, 1994) to form ion
channels with distinct functional properties. It should be noted that the presence of the GIuA2
subunit has a profound impact on the properties of AMPARs heteromeric complexes. As
indicated above, in the adult brain GIuA2 mRNA is subjected to RNA editing such that the
GIuA2 protein contains an arginine (R) residue within a reentrant membrane loop region at
position 586 in place of genomically-encoded glutamine (Q) (Sommer et al., 1991). This Q/R

editing controls various AMPARSs properties including ca® permeability, channel conductance,
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kinetics and receptor affinity for glutamate, and subunit assembly into a functional receptor
(Geiger et al., 1995; Swanson et al., 1997; Dingledine et al., 1999; Mansour et al., 2001; Greger
et al., 2003; Oh and Derkach, 2005). AMPARs subunits have extracellular and transmembrane
regions very similar but vary in their intracellular cytoplasmic tails. The GluA1, GluA4, and an
alternative splice form of GIuA2 (GIuA2L) have longer cytoplasmic tails with high homology
(Figure 19). In contrast, the predominant splice form of GluA2, GIuA3, and an alternative splice
form of GluA4 (Glu4c) have shorter, homologous cytoplasmic tails (Figure 19). The subunit
composition of AMPARSs also governs the rules of AMPARSs trafficking. Receptors with subunits
containing short cytoplasmic termini (GluA2/3) continuously cycle in and out of the synapse,
while those with long cytoplasmic tails (GIluA1/2 and GluA2/4) are driven into synapses by
synaptic activity (Hayashi et al., 2000; Zhu et al., 2000; Passafaro et al., 2001; Shi et al., 2001).
Transmembrane AMPA receptor regulatory proteins (TARPSs), in particular stargazin, also
coassemble stoichiometrically with native AMPARSs (reviewed in Nicoll et al., 2006, Ziff, 2007
and Jackson and Nicoll, 2011). Stargazin and its closely related y-3, y-4 and y-8 paralogs act as
auxiliary subunits, interacting directly with all the AMPARs subunits to promote their transport to
the cell surface (Chen et al., 2000; Tomita et al., 2003) and to modulate channel function (Priel
et al., 2005; Tomita et al., 2005a).

Long tail
PKC, P70S6 kinase

PKC CamKIl, PKC PKA, cGKII

GluR1l:EFCYKSRSESKRMKGFCLIPQQSINEATIRTSTLPRNSGAGASGGGGSGENGRVVSQDFPKSMQSIPCMSHS SGMPLGATGL

GluR2L: EFCYKSRAEAKRMKMTLSDVMRSKARLSITGS TGENGRVMEPEFPKAVHAVPWS PGMGNVSVTDLS

JNK1

GluR4 :EFCYKSRAEAKRMKLTFSEATRNKARLSITGSVGENGRVLTPDCPKAVHTGTAIRQSSGLAVIASDLP

PKC PKC, PKA, JNK1
CaMKiII

Short tail _PKC
PKC Src family

GluR2: EFCYKSRAEAKRMKVAKNPQNINPSSSQNSQNFATYI(EGYNVYGIEéVKI

GluR3: EFCYKSRAESKRMKLTKNTQNFKPAPATNTONYATYREGYNVYGTESVKI

GluR4c : EFCYKSRAEAKRMKVAKSAQTFNPTSSONTHNLATYREGYNVYGTESIKI

Figure 19. Schematic representation of the AMPA receptor subunits intracellular
cytoplasmic tails. Sequence alignment of the intracellular C-terminal regions of the long-tailed
(GluA1, GIuA2L and GluA4) and short-tailed (GluA2, GIuA3 and GluA4c) AMPA receptor
subunits. The phosphorylation sites are underlined and indicated with a larger font size.
[Reproduced from (Santos et al., 2009)].

As referred above AMPARs form tetramers, with each subunit presenting a
characteristic modular organization consisting of four discrete domains (reviewed in Wo and

Oswald, 1995, Mayer, 2006 and Traynelis et al., 2010): i) a large extracellular amino-terminal
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domain (ATD) that participates in subunit-specific receptor assembly and modulation; ii) a
ligand-binding domain (LBD); iii) a transmembrane domain (TMD) composed of three
membrane-spanning segments (M1, M3 and M4) plus a short reentrant loop (M2) that forms the
ion channel; iv) three intracellular domains, Loop1, Loop2 and the carboxyl-terminal domain (C-
tail), highly variable in length. C-tails of the AMPA receptor subunits have long been shown to
play crucial roles in receptor trafficking and function, as well as in determining subcellular
localization, and in receptor coupling to intracellular signaling complexes (reviewed in Malinow
and Malenka, 2002, Bredt and Nicoll, 2003 and Shepherd and Huganir, 2007).

A B

Surface view Top-down view

ATD

LBD

Outside cell

TMD

Inside cell

Figure 20. The tetrameric structure of the AMPA GIuA2 receptor. (A) X-ray crystal structure
of the AMPA GIuA2 homotetrameric receptor (Sobolevsky et al., 2009). Each subunit is in a
different color. The tetramer shows a typical layer organization with at the “top” the amino-
terminal domains (ATDs), at the “bottom” the transmembrane domain (TMD) where the ion
channel sits, and sandwiched between the two the agonist-binding domains (LBDs) binding
glutamate. (B) Top-down view of the ATD, LBD and TMD, illustrating the domain swapping and
symmetry mismatch (between LBD and TMD). The dashed line for the ATD and LBD indicates
the dimer containing the A subunit, which in the ATD associates with the B subunit, but in the
LBD associates with the D subunit. The TMD shows four-fold symmetry. Because the LBD is
bound by an antagonist, the permeation pore, located in the centre of the TMD, is closed.
[Reproduced from (Wollmuth and Traynelis, 2009)].

Crystallografic studies have provided the first detailed structure of a membrane-
spanning glutamate receptor (Sobolevsky et al., 2009) (Figure 20). This structure of an
antagonist-bound homomeric GIuA2 receptor demonstrates that the receptor has an overall 2-
fold symmetry perpendicular to the membrane plane. The extracellular ATDs and LBDs are
organized as two dimers (i.e., each domain partners with the neighboring domain, forming two
pairs of local dimers — 2-fold symmetry), whereas the pore region exhibits the typical 4-fold
symmetry. Accompanying this symmetry mismatch another key feature revealed by the GIuA2

structure was the domain swapping. Thus, if at the ATD level subunit A pairs with subunit B
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(A/B dimer) and subunit C with D (C/D dimer), at the LBD level the two pairs engage different
subunits (A/D and B/C dimers). This pairwise arrangement is abolished in the TMD, in which
four independent but equivalent subunits have 4-fold symmetry. Crossover of subunit pairing
likely helps to stabilize the large and loosely packed extracellular region (reviewed in Wollmuth
and Traynelis, 2009).

Regulation of AMPARs function by phosphorylation

Two distinct but interrelated mechanisms regulate AMPAR function: modulation of the
receptor ion channel properties (e.g., Derkach et al.,, 1999) and regulation of the synaptic
targeting of the receptor (e.g., Hayashi et al., 2000). Both of these processes are regulated by
receptor phosphorylation, in particular in their intracellular C-terminal region (reviewed in Henley
et al,, 2011 and Lu and Roche, 2012) (Figure 19). Interestingly, AMPARs phosphorylation is
also considered an important event for signaling pathways associated with synaptic plasticity
and learning (Lee et al., 2003; Whitlock et al., 2006).

") in the intracellular C-terminus of GIuA1 by

Phosphorylation of serine 831 (Ser
calcium/calmodulin (CaM)-dependent protein kinase Il (CaMKII) (Barria et al., 1997; Mammen et
al., 1997) significantly increases single-channel conductance of homomeric GluA1 AMPARs
(Derkach et al., 1999), by enhancing the coupling efficiency between glutamate binding and
channel opening (Erreger et al., 2004). Roche and co-workers found that this residue is also
phosphorylated by protein kinase C (PKC) (Roche et al., 1996). In native AMPARSs the presence
of the GIuA2 subunit disrupts the coupling of Ser®’ phosphorylation to channel conductance in
GIuA1/GIuA2 heteromers, and this keeps receptors in a low-conductance state regardless of
Ser® phosphorylation (Oh and Derkach, 2005). However, this effect can be restored by
coexpression of GluA1/A2 heteromers with TARPs (Kristensen et al., 2011). Additionally, the
phosphorylation in this residue does not seem to be required for receptor synaptic delivery,
since mutation of Ser® to alanine, which prevents its phosphorylation by CaMKII, does not

prevent delivery of receptors to synapses by active CaMKIl (Hayashi et al., 2000).

It was also found that the intracellular C-terminus of GluA1 is phosphorylated by protein
kinase A (PKA) (Roche et al., 1996) and cGMP-dependent kinase Il (cGKIl) (Serulle et al.,
2007) in serine 845 (Ser845). The AMPARs (homomeric GIuA1) mean open probability is
increased by PKA through phosphorylation of Ser®® (Banke et al., 2000). Additionally, the
phosphorylation in this residue was also implicated in trafficking of AMPARSs. Esteban and co-
workers found that mutation of Ser®* to alanine, in opposition to Ser®®' (Hayashi et al., 2000),
does prevent delivery of GluA1 to synapses by active CaMKII (Esteban et al., 2003), suggesting
that PKA phosphorylation of GluA1 at Ser*”is required for synaptic incorporation of AMPARSs
by CaMKII. On the other hand, PKA activity is necessary but not sufficient for the CaMKII-driven
incorporation of GluA1 into synapses (Esteban et al., 2003). The authors suggested that PKA-

845

dependent phosphorylation of GIuA1 at Ser " together with CaMKII activity are both required for
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the synaptic incorporation of GluA1-containing AMPARSs. This idea had already been proposed
by Hayashi and co-workers, who suggested that some protein(s) other than GluA1 must be
substrate(s) of CaMKII and participate in the regulated synaptic delivery of AMPARs (Hayashi et
al., 2000). Nevertheless, Ser®® phosphorylation may also induce AMPARs delivery to the
extrasynaptic membrane and then to the synapse via synaptic NMDARs activation (i.e., Ser®®
phosphorylation primes AMPARs for synaptic insertion by trafficking them to extrasynaptic sites)
(Sun et al., 2005; Oh et al.,, 2006). In addition, it was found that upon NMDARSs activation
AMPARSs are sorted in early endosomal compartments (accompanied by dephosphorylation of
GluA1 at Ser®®), and then selectively targeted for plasma membrane reinsertion, mediated by

PKA activity through rephosphorylation of Ser®?

(Ehlers, 2000), also suggesting an activity-
dependent process for AMPARs synaptic trafficking. Consistently with the role of Ser®?®
phosphorylation in the trafficking of GluA1-containing AMPARs to plasma membrane, Serule
and co-workers found that cGKII binds the GIuA1 intracellular C-terminus in a cGMP-dependent
manner, and that in this complex, cGKII can phosphorylate Ser** of GluA1 and increase GIuA1

levels in extrasynaptic sites (Serulle et al., 2007).

Two other serine residues located in the membrane proximal region (MPR) of the
intracellular C-terminus of the GluA1 subunit were implicated in the synaptic incorporation of
GluA1-containing AMPARs. Boehm and co-workers found that serine 818 (Ser®'®) is
phosphorylated by PKC, promoting GluA1 synaptic incorporation (Boehm et al., 2006). Indeed,

818 together with Ser®' and Ser®®

mimicking phosphorylation at Ser allows GluA1 accessing to
818 by
PKC is implicated in GluA1-containing AMPARs trafficking (Lin et al., 2009). These authors
found that phosphorylation in this residue together with the phosphorylation in serine 816
(Ser®™®), by PKC, enhanced the binding of protein 4.1N to GluA1 facilitating GluA1 insertion in
surface extrasynaptic pools (Lin et al., 2009). This protein had already been implicated in
AMPARSs trafficking: 4.1N is an actin-binding protein which binds GluA1 (in the MPR region of

the intracellular C-terminal), stabilizing its surface expression (Shen et al., 2000). The binding of

the synapse (Boehm et al., 2006). Later, it was confirmed that the phosphorylation of Ser

4.1N to GluA1 is regulated by palmitoylation (reversible fatty acid acylation) of GluA1. Hayashi

and co-workers found that a C-terminal palmitoylation site (cysteine 811 — Cys®'")

overlaps with
the region of the AMPA receptor subunits that binds the cytoskeletal protein 4.1N (Hayashi et
al., 2005). Palmitoylation on the C-terminal domain of GluA1 inhibits its interaction with the 4.1N
protein (Hayashi et al., 2005). Palmitoylation acts by restricting the access of PKC to Ser®'® and

Ser®®, thus depalmitoylation of GluA1 Cys®"

leads to PKC phosphorylation in these residues,
which in turn enhances the interaction between 4.1N and GluA1 and results in increased GIuA1
surface insertion (Lin et al., 2009). Altogether, these results suggest that the interplay between
protein palmitoylation and phosphorylation may play important roles in the postsynaptic

trafficking of AMPARSs and in the regulation of excitatory synaptic transmission.
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In addition to serine residues, it was found that GluA1 intracellular C-terminal region is
phosphorylated by PKC (Lee et al., 2007) and p70S6 kinase (Delgado et al., 2007) at threonine
840 (Thr84°). Thr** is one of the major phosphorylation sites on GluA1 and shows rapid turnover
under basal conditions in the hippocampus, sustained by a balance between persistently active
protein kinase(s) and protein phosphatase(s) (Lee et al., 2007); this residue is also rapidly
dephosphorylated after activation of NMDARSs by protein phosphatases 1 and/or 2A (Delgado et
al., 2007).

In addition to the multiple phosphorylation sites in the GluA1 intracellular C-terminal
region, recently the GIuA1 Loop1 domain was shown to be phosphorylated on serine 567
(Ser®®"). Biochemical studies demonstrated that CaMKII phosphorylates Ser®® (Lu et al., 2010).
The GIuA1 Loop1 itself facilitates AMPA receptor targeting to synapses, and phosphorylation at
Ser®™ negatively modulates Loop1-dependent synaptic delivery of AMPA receptors (Lu et al.,
2010). Therefore, a dual mechanism mediated by GluA1 Loop1 and Ser®® phosphorylation

controls synaptic targeting of GluA1-containing receptors (Lu et al., 2010).

GluA4 is expressed in the hippocampus during the early postnatal period, and
spontaneous neuronal activity at this stage is sufficient to trigger GluA4 synaptic incorporation
(Zhu et al., 2000). Phosphorylation of GluA4 at serine 842 (Ser®*?) by PKA (this residue is also
phosphorylated in vitro by PKC and CaMKIl) (Carvalho et al., 1999), is both necessary and
sufficient for the delivery of GluA4-homomeric receptors to the synapse (Esteban et al., 2003).
Threonine 830 (Thr®®) was also identified as a potential PKC phosphorylation site (Carvalho et
al.,, 1999). In addition, PKC isoform y (PKCy) interacts directly with GluA4 in the MPR and
phosphorylates Ser®? in vitro (Correia et al., 2003) and in cultured retina cells (Gomes et al.,
2004). Disruption of this interaction prevents efficient receptor phosphorylation by PKCy and the
PKCy-driven increase in cell surface expression of GluA4-containing AMPARs (Gomes et al.,
2007).

The AMPARs subunits have postsynaptic density 95/disc large/zonula occludens 1
(PDZ) consensus motives in their intracellular C-terminal regions that interact with several PDZ
domain—containing proteins (reviewed in Henley, 2003 and Lee and Zheng, 2010). Of particular
interest, PKC phosphorylates the GIuA2 subunit in one of these motifs (IESVKI), in serine 880
(Ser88°), through which GIuA2 binds to different proteins - e.g., glutamate receptor interacting
protein (GRIP)/ABP and protein interacting with C-kinase-1 (PICK1) - therefore modulating
those interactions (Matsuda et al., 1999, 2000; Chung et al., 2000; Perez et al., 2001;
Seidenman et al., 2003). PKC also phosphorylates GIuA2 in serine 863 (Ser863) (McDonald et
al., 2001), however the function of the phosphorylation of this residue is still not known.
Phosphorylation of GluA2 (SerBBO) by PKC, which prevents the association of GIuA2 with GRIP
(Matsuda et al., 1999, 2000; Chung et al., 2000) but promotes binding to PICK1 (Matsuda et al.,
1999; Chung et al., 2000; Perez et al., 2001), thus recruits PICK1 to excitatory synapses and
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facilitates rapid internalization of surface receptors. Phosphorylation of Ser®®® promotes
internalization of AMPARs and decreases surface GluA2-containing receptors in both Purkinje
neurons (Matsuda et al., 2000) and hippocampal neurons (Chung et al., 2000; Perez et al.,
2001).

GIuA2 is also phosphorylated at tyrosine 876 (Tyr876

) in its intracellular C-terminal by the
Src family protein tyrosine kinases, in vitro and in vivo (Hayashi and Huganir, 2004).
Interestingly, phosphorylation of this tyrosine residue has similar effects to the phosphorylation
of Ser®®. Phosphorylation of GIuA2 on Tyr®® decreases the binding to GRIP/ABP, but is without
effect on the binding to PICK1, thus facilitating the AMPA- or NMDA-induced receptor
internalization (Hayashi and Huganir, 2004). Finally, using bioinformatic and biochemical
approaches, two sites of phosphorylation in threonine residues were identified in AMPA
receptor GIuR2L (Thr”'?) and GIuR4 (Thr®®) subunits by Jun N-terminal kinase 1 (JNK1)
(Thomas et al.,, 2008). It was found that the JNK site in GIuR2L controls reinsertion of
internalized GIuR2L back to the cell surface following NMDA treatment, without affecting basal

GIuR2L trafficking (Thomas et al., 2008).

Regulation of AMPARs trafficking by interacting proteins and
phosphorylation

Extrasynaptic insertion of AMPARs

The number of AMPARSs at the synapse is dependent on relative rates of exocytosis
and endocytosis at the postsynaptic membrane. Enhanced receptor exocytosis and recycling
occurs during synaptic potentiation, while increased rate of endocytosis results in synaptic
depression (reviewed in Shepherd and Huganir, 2007 and Kessels and Malinow, 2009).
AMPARSs are inserted into the plasma membrane in the soma or dendrites at extrasynaptic sites
and travel to dendritic spines via lateral diffusion (Adesnik et al., 2005; Yudowski et al., 2007;
Lin et al., 2009). The synaptic targeting of AMPARs is largely regulated by both AMPARSs
interaction partners and phosphorylation (reviewed in Henley et al., 2011 and Anggono and
Huganir, 2012).

In the absence of neuronal activity, AMPARs undergo constitutive recycling between
synapses and the cytosol, where they are sorted for either degradation or reinsertion at
synapses (Ehlers, 2000; Passafaro et al., 2001). Upon synaptic potentiation they are more
actively recycled through an endossomal pathway to enhance exocytosis (Park et al., 2004).
Some observations support the idea that AMPARs do not directly exchange between the
postsynaptic density (PSD) and cytosolic compartments. Instead, exocytosis and endocytosis
appear to occur at extrasynaptic membrane sites from which AMPARSs laterally diffuse into and

out of the synaptic PSD.
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Passafaro and co-workers found that GluA1-containing AMPARSs in the hippocampus
are inserted initially at extrasynaptic sites, followed by their slow incorporation into synapses,
upon NMDARs activation (Passafaro et al., 2001). Interestingly, stimulation of D1 dopamine
receptors, in the prefrontal cortex, results in the PKA-dependent clustering of GluA1-containing
AMPARSs near, but not whithin the PSD (Sun et al., 2005). Subsequent NMDARSs activation
promotes synaptic insertion of AMPARs. These findings suggest that in two different brain
regions (hippocampus and prefrontal cortex), GluA1-containing AMPARs are first delivered to
extrasynaptic sites before incorporation into synapses, and that this last step is mediated by
NMDARs activation. This assumptiom was confirmed by Oh and co-workers, who also found
that this trafficking pattern is correlated with the PKA-dependent phosphorylation of GIluA1.
They observed that receptors phosphorylated at Ser®” were trafficked specifically to
extrasynaptic sites but not to synapses; however these extrasynaptic AMPARs can be
incorporated into synapses by NMDARs activation (Oh et al., 2006). Thus, they proposed the
following model: Ser®® phosphorylation primes AMPARSs for synaptic potentiation by trafficking
them to extrasynaptic sites, possibly followed by synaptic incorporation requiring synaptic
activity (Oh et al., 2006). The phosphorylation in this residue has been extensively implicated in
AMPARs ftrafficking, as mentioned above (section: “Regulation of AMPARs function by
phosphorylation”). For instance, NMDARs activation triggers AMPARs endocytosis (by direct
dephosphorylation of GIuA1 at Ser845) and is followed by rapid, PKA-dependent AMPARSs
reinsertion via recycling endosomes, through re-phosphorylation in the Ser®® (Ehlers, 2000).

cGKIll also phosphorylates Ser®®

of GIuA1 increasing its clustering in the plasma membrane
(Serulle et al., 2007). Altogether, this evidence points to the fact that phosphorylation in the
Ser** is a major event for GluA1-containing AMPARs synaptic insertion. Hence, we can
conclude that two phenomena should occur for synaptic clustering: i) GIuA1 phosphorylation

(Ser845) and ii) NMDARSs activation.

Esteban and co-workers found that although activation of PKA alone by increasing
intracellular cAMP did produce phosphorylation of GluA1, it was not sufficient for the synaptic
incorporation of GIluA1 (Esteban et al., 2003). Nevertheless, they observed that a GluA1

phosphodead mutant (with Ser®*®

replaced by alanine) when coexpressed with constitutively
active CaMKII was not driven into synapses (Esteban et al., 2003), thus suggesting that PKA
phosphorylation of GluA1 at Ser® is required for synaptic incorporation of GluA1 by CaMKII.
However, some protein(s) other than GluA1 must be substrate(s) of CaMKIl and participate in
the regulated synaptic delivery of AMPARSs, because the substitution of the serine residue in
GluA1, which is substrate for CaMKIl, did not block the CaMKII-dependent synaptic delivery of
GluA1 (Hayashi et al., 2000). Additionally, these authors found that mutating a predicted PDZ
domain interaction site in GluA1 C-terminus blocked the CaMKII-dependent synaptic delivery of
GluA1 (Hayashi et al., 2000), suggesting that CaMKII-dependent phosphorylation of an
unidentified substrate containing a PDZ domain-binding site is required for GluA1 synaptic

clustering.
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Hence, incorporation of GluA1-containing AMPARs into synapses requires: i)
phosphorylation of GluA1 (which mediates the extrasynaptic clustering), and ii) CaMKIl activity
(stabilizing synaptically delivered receptors) upon NMDARs activation. Conspicuous evidence
suggests that an important substrate of CaMKII in this process is the AMPARs-associated
protein stargazin (Chen et al., 2000; Tomita et al., 2005b; Opazo et al., 2010); however the
interaction between AMPARs and stargazin does not depend on the C-terminal domain of
GluA1 (reviewed in Jackson and Nicoll, 2011), and consequently this is not the substrate
suggested by Hayashi and co-workers. Despite this, these findings suggest, unequivocally, that
two independent phenomena are required for synaptic clustering to occur, as indicated above,
GluA1 phosphorylation and NMDARSs activation.

The mechanism by which stargazin stabilizes AMPARSs at the synapse will be discussed
in the next section (“Synaptic clustering of AMPARs”). However, even having these
considerations in mind we should also refer that other authors have suggested that CaMKII
triggers cellular machinery, mediated by Ras signaling (Zhu et al., 2002), that results in the
synaptic insertion of AMPARs (reviewed in Esteban, 2003), and emphasize that synaptic
targeting/insertion and synaptic stabilization may be mediated by several mechanisms (related
with AMPARs phosphorylation and/or AMPARs interacting proteins) (extensively reviewed in
Derkach et al., 2007, Shepherd and Huganir, 2007, Kessels and Malinow, 2009, Santos et al.,
2009, Anggono and Huganir, 2012 and Opazo et al., 2012).

We should also refer briefly other aspects that have been implicated in GIluA1-
containing AMPARSs trafficking. For instance, it was found that PKC-dependent phosphorylation
of Ser®® and Ser®™®, through the binding of 4.1N protein, enhanced GluA1 insertion to surface
extrasynaptic pools (Lin et al., 2009). The PKC-dependent phosphorylation of Ser®™ had been
already related with synaptic incorporation of AMPARSs (Boehm et al., 2006).

Altogether, these observations indicate that GluA1-containing AMPARSs are probably
trafficked to synapses in two steps: the first step, which occurs in the absence of synaptic
stimulation and is associated with phosphorylation of GIuA1, mobilizes receptors to
extrasynaptic sites, whereas the second step involves NMDARs Ca® influx to enhance

stabilization of receptors in the synapse, thus inducing synaptic potentiation (Figure 21).
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Figure 21. Multistep trafficking of AMPARSs to synapses. Left, under basal conditions, AMPA
receptors constitutively cycle to and from the synaptic membrane, dictated largely by the GluA2
subunit. Middle, Phosphorylation of Ser®®®1%%18 in GluA1 is associated with the insertion of
GluA1-containing AMPARs into extrasynaptic sites. Right, potentiation requires trafficking of
these extrasynaptic AMPARs to synapses, triggered by Ca“" influx through NMDA receptors
and presumably Caz+-dependent signaling, including CaMKIl. PSD-95, postsynaptic density
protein 95. [Adapted from (Derkach et al., 2007)].

Synaptic clustering of AMPARs

At excitatory synapses, two of the major proteins that are dynamically recruited
postsynaptically are CaMKIl and AMPARs. Numerous studies have shown that CaMKIl is
involved in the activity and NMDARs-dependent synaptic recruitment of AMPARs both during
synaptic development and synaptic plasticity (Pettit et al., 1994; Rongo and Kaplan, 1999;
Hayashi et al., 2000; Lisman et al., 2002; Poncer et al., 2002; Merrill et al., 2005; Asrican et al.,
2007; Sanhueza et al., 2007; Zhang et al., 2008; Lee et al., 2009). Two principal recruitment
mechanisms can be anticipated: CaMKII might promote the exocytosis of AMPARs-containing
vesicles (Maletic-Savatic et al., 1998) and/or the trapping at the PSD of laterally diffusing
AMPARSs (reviewed in Opazo et al., 2012).

Some observations have suggested that CaMKII can recruit AMPARs by diffusional
trapping. First, NMDARs activation causes the rapid translocation of CaMKIl from dendritic
compartments to activated synapses (Strack et al., 1997; Shen and Meyer, 1999; Hudmon et
al., 2005). Second, following NMDARSs activation, CaMKII can remain at postsynaptic sites for
prolonged periods of time, through binding to several PSD proteins, including the NMDARs
(Lisman et al., 2002; Otmakhov et al., 2004; Bayer et al., 2006). Third, CaMKIl bound to the
NMDARSs remains active independent of Ca*/CaM (Bayer et al., 2001), which should allow it to
phosphorylate incoming membrane-bound proteins. Fourth, AMPARs are highly mobile at the
neuronal surface, rapidly switching between extrasynaptic and synaptic sites (Borgdorff and
Choquet, 2002; Tardin et al., 2003; Bats et al., 2007; Heine et al., 2008). Fifth, NMDARs
stimulation, high-frequency stimulation, or increases in intracellular ca® all promote the rapid
immobilization of AMPARs (Borgdorff and Choquet, 2002; Heine et al., 2008; Makino and
Malinow, 2009; Petrini et al., 2009).
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However the most striking evidence came out very recently. Opazo and co-workers
found in hippocampal neurons that, upon NMDARSs activation, CaMKII activation stops the
diffusion of surface AMPARSs at synaptic sites (Opazo et al., 2010). Futhermore they showed
that the function of CaMKIl is mediated by phosphorylation of stargazin and binding of its C-
terminus to PDZ domain of the scaffold protein PSD-95, thus indirectly stabilizing AMPARs at
synapses (Opazo et al., 2010). Taken together, these findings suggest a scenario in which
AMPARSs are intrinsically mobile at the neuronal surface and can be “trapped” at activated

synapses in a CaMKII-dependent manner (Figure 22).

The C-terminal domain of stargazin has a series of nine conserved serines, found within
a highly basic region, which are substrates for phosphorylation by CaMKIl and/or PKC (Tomita
et al., 2005b). In aggreament with Opazo and co-workers (Opazo et al., 2010), it was found that
expression of a phosphomimetic stargazin construct enhances AMPARs-synaptic currents, an
effect which is lost when expressing a construct lacking the C-terminal PDZ binding site (Tomita
et al., 2005b), thus indicating that the stargazin PDZ binding domain (which is bound by PSD-
95) is necessary for synaptic trafficking of AMPARSs by phosphorylated stargazin.

. AMPAR 0) NMDAR .. High Mobility
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Figure 22. Model of NMDARs-dependent trapping of laterally diffusing AMPARs. At basal
state, AMPARs are highly mobile at the neuronal surface, rapidly exchanging between
extrasynaptic and synaptic sites, while CaMKIl is not enriched in the PSD. Upon NMDARs
activation, Ca®*/CaM activates CaMKIl and induces its postsynaptic translocation. In the PSD,
CaMKIl phosphorylates the AMPARSs auxiliary protein stargazin, facilitating its binding to PSD-
95 and synaptic retention, thereby indirectly stabilizing AMPARSs at synapses. [Reproduced from
(Opazo et al., 2010)].

AMPARs and synaptic plasticity

One of the most remarkable features of the brain is its ability to store vast amounts of
information. Changes in the strength of synaptic connections as a mechanism underlying
learning and memory had been proposed by Cajal at the beginning of the last century and then
formulated into a concrete synaptic model by Hebb in 1949 (Hebb, 1949). However, it was not

until the discovery of long-term potentiation (LTP) by Bliss and Lomo (Bliss and Lomo, 1973), in
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which brief high frequency synaptic stimulation in the hippocampus results in a long lasting

increase in synaptic strength, that experimental evidence for such a proposal was obtained.

Changes in synaptic strength are thought to underlie memory storage in the brain
(reviewed in Martin et al., 2000). LTP and long-term depression (LTD) are the two most-studied
and prevailing cellular models of synaptic plasticity (reviewed in Malenka and Bear, 2004,
Luscher & Malenka, 2012 and Nicoll & Roche, 2013). LTP and LTD can be elicited by activating
NMDARs, typically by the coincident activity of pre- and postsynaptic neurons. The expression
of synaptic plasticity is mediated by a redistribution of AMPARSs: more receptors are added to
potentiate the synapse or receptors are removed to weaken synapses (Figure 23). With time,

structural changes become apparent, which in general require the synthesis of new proteins.
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Figure 23. Postsynaptic expression mechanisms of LTP and LTD. Weak activity of the
presynaptic neuron leads to modest depolarization and calcium influx through NMDA receptors.
This preferentially activates phosphatases that dephosphorylate AMPA receptors, thus
promoting receptor endocytosis. Strong activity paired with strong depolarization triggers LTP in
part via CaMKII, receptor phosphorylation, and exocytosis. [Reproduced from (Lischer and
Malenka, 2012)].

Long-term potentiation

Several lines of evidence point to a central role of GluA1 in hippocampal LTP. For
instance, mature GluA1-knockout mice lack LTP in the CA1 region of the hippocampus
(Zamanillo et al., 1999), and the defect is rescued by genetically expressing GluA1 (Mack et al.,
2001). Studies using hippocampal organotypic hippocampal slices transiently expressing GFP-
tagged AMPARs subunits showed a rapid translocation of GIuA1-GFP to dendritic spines
following induction of LTP (Shi et al., 1999; Hayashi et al., 2000). The translocation of GluA1 to
the membrane requires high-frequency stimulation of the synapse and is dependent on
NMDARs activation (Shi et al., 1999). Moreover, it was found that it requires the association
between GluA1 and an unidentified PDZ domain protein (Hayashi et al., 2000).
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The experimental strategy based in GFP-tagged AMPARSs, which allows the formation
of homomeric channels, is very useful for the study of subunit specificity in trafficking; however it
does not address the regulation of endogenous heteromeric channels. In agreement with the
previous findings, the endogenous AMPARs can also be driven into the synapse during LTP
(Shi et al., 2001) and experience (Takahashi et al., 2003). Insertion requires the C-terminal
region, because expression of the GIuA1 cytoplasmic tail prevents LTP (Shi et al., 2001) and
the experience-dependent delivery of AMPARSs (Takahashi et al., 2003).

Moreover, it was proposed that GluA1-GluA2 receptors are excluded from synapses
unless an LTP stimulus is provided, whereas GluA2-GIuA3 receptors traffic to the synapse
constitutively (Shi et al., 2001). This difference in trafficking behavior is mediated by the C-tails
of the individual subunit proteins. In agreement with this model, LTP is normal in GIuA2-GIuA3
double knockouts (Meng et al., 2003).

Hence, a broad consensus has emerged arguing that LTP is mediated by synaptic
insertion of GluA1-containing AMPARs via its C-tail (Malinow and Malenka, 2002; Bredt and
Nicoll, 2003; Malenka, 2003; Collingridge et al., 2004; Malenka and Bear, 2004; Shepherd and
Huganir, 2007; Kessels and Malinow, 2009; Anggono and Huganir, 2012). However, some
evidence indicates that GluA1-independent LTP also exists. Mature GluA1-knockout mice show
some LTP in the dentate gyrus (Zamanillo et al., 1999) and also show LTP in the CA1 region in
young mice (Mack et al., 2001).

In fact, very recently it was found that the GluA1 C-tail is not required for LTP in the CA1
region of the hippocampus (Granger et al., 2013), in striking contrast with the prevailing model.
To define the minimal requirements for LTP these authors have used a single molecular
replacement strategy, in which endogenous AMPARSs are deleted by expressing Cre in neurons
from triple floxed mice (Gria1™ Gria2™ Gria3""), and then mutated forms of AMPAR subunits
were re-introduced onto this null background. It was found that no region in the GluA1 C-tail
was essential either for basal synaptic incorporation or for LTP (Granger et al., 2013). In fact,
neurons expressing homomeric GIuA2 receptors exhibited normal LTP, and surprisingly,
hippocampal synapses in which AMPARs had been replaced with kainate-type glutamate
receptors also expressed normal LTP (Granger et al., 2013). The only conditions under which
LTP was impaired were those with dramatically decreased AMPARs surface expression,
indicating a requirement for a reserve pool of receptors (Granger et al., 2013), suggesting that

synapses are remarkable flexible in order to be potentiated.

However, these findings should be interpreted with some caution, because genetically
deleting all AMPARs may fundamentally change AMPARSs ftrafficking compared with control
conditions (Sheng et al., 2013). For instance, GIuA1 subunits lacking their C-tail could reach

synapses only when all AMPARs were deleted and not in the control neurons, in which other

58



Introduction

AMPARSs are present (Sheng et al., 2013). To address the mechanisms underlying LTP at fully
equipped synapses, more subtle experimental manipulations may be more informative; these
could include introducing mutations (“knock-in” mutations) into the genes encoding GIuA1 and

GIuA2 to alter their C-tail structure without affecting their expressing levels (Sheng et al., 2013).

In fact, Lee and co-workers found that mice with such mutations (Ser831 and Ser*®
mutated to alanine) show reduced LTP in the CA1 region of hippocampus, as well as defected
retention of a spatial memory task using the Morris water maze test (Lee et al., 2003),
suggesting that phosphorylation of the receptor GluA1 subunit is required for LTP and spatial
memory formation. Accordingly, CaMKII, PKA and PKC activity, through the phosphorylation of

their target residues in the GluA1 C-terminal domain (in particular, Ser®' and Ser®®

), mentioned
in detail in the two previous sections, and which affect the AMPARSs trafficking, as well as GIuA1
interacting proteins have been extensively implicated in the induction and expression of LTP.
Moreover, other signaling pathways have been also related with these processes, such as the
Ras and PI3 kinase pathways (reviewed in Shepherd and Huganir, 2007, Santos et al., 2009,

Anggono and Huganir, 2012 and Luscher and Malenka, 2012).

Long-term depression

Low levels of synaptic stimulation can activate NMDARs to produce NMDARs-
dependent LTD of glutamatergic synaptic transmission, or activate mGluRs to produce mGIuRs-
dependent LTD. The two forms of LTD are thought to result from internalization of surface
AMPARSs (Lissin et al., 1998; Beattie et al., 2000; Snyder et al., 2001; Xiao et al., 2001) in both
hippocampal pyramidal neurons (NMDARs-dependent LTD) and cerebellar Purkinje cells
(mGluRs-dependent LTD) (reviewed in Shepherd and Huganir, 2007 and Santos et al., 2009).

Here, we will devote our attention to NMDARs-dependent LTD.

Regulation of the phosphorylation of AMPAR subunits is important for LTD
expression. During hippocampal LTD, the PKA phosphorylation site on GIuA1 (Ser845) is
dephosphorylated, whereas LTD induction in previously potentiated synapses leads to
dephosphorylation of the CaMKII phosphorylation site (Ser®®') (Lee et al., 2000). Mice that have
these two sites mutated also exhibit major deficits in LTD and AMPARSs internalization induced

by NMDARSs activation (Lee et al., 2003).

The interaction of GIuA2 with several proteins has also been implicated in LTD. It was
found that, similar to what has been suggested in cerebellar LTD, disruption of the GluA2-
GRIP/ABP interaction by GIuA2 phosphorylation (at Ser®®, mediated by PKC) results in the
removal of synaptic receptors, by facilitating the interaction between GIluA2 and PICK1 (Chung
et al., 2000; Perez et al., 2001). This was further supported by two different studies. In
hippocampal slice cultures it was found that by mimicking GluA2 Ser®®® phosphorylation

receptors are excluded from synapses, to depress transmission, and LTD is partially occluded
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(Seidenman et al., 2003). Moreover, it was found that a mutant form of PICK1, unable to bind

lipids, impairs expression of LTD in hippocampal neurons (Jin et al., 2006).

However, other authors have found that although hippocampal LTD is accompanied by

phosphorylation of Ser®®

, PKC does not appear to mediate phosphorylation in this residue and
hippocampal LTD does not seem to require PKC activity (Kim et al., 2001). In particular, these
findings suggest that other kinases in the hippocampus may phosphorylate this residue. To
increase this controversy, Daw and co-workers found that Ser®® phosphorylation can reverse
LTD, by disrupting the intracellular retention of GluA2 by GRIP/ABP, and allowing receptors to
be delivered to the synapse (Daw et al.,, 2000). Finally, it was found that changes in the
phosphorylation state of the Ser®® residue at the C-terminus of GIuA2 do not affect NMDARs-
dependent GIuA2 internalization, but alter the recycling of GluA2 after NMDAR activation (Lin

and Huganir, 2007).

In conclusion, some controversy exists over the precise roles of GRIP and PICK1 in
AMPAR trafficking and plasticity, and the exact understanding of their molecular functions is still
missing. Some of the confusion on their role in LTD may be due to cell-type-specific differences.
In addition, each protein may play multiple roles in the delivery, stabilization, and removal of
synaptic AMPARSs (reviewed in Shepherd and Huganir, 2007).
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Objectives of the Present Study

Ghrelin was purified from the rat stomach in 1999 (Kojima et al., 1999). Since its
discovery intensive research has been performed on ghrelin, and it is now well established the
significance of ghrelin as a growth hormone-releasing hormone, appetite regulator and energy
conservator (reviewed in Kojima and Kangawa, 2010). Currently, ghrelin is the only known
circulating orexigenic hormone secreted from a peripheral organ that acts on the hypothalamic
arcuate nucleus, which is the regulatory region of appetite. However, recent evidence has
suggested that ghrelin originated in the periphery may also control higher brain functions and
may represent a molecular link between learning capabilities and energy metabolism (reviewed
in Andrews, 2011).

Indeed, studies from different laboratories have shown that endogenous ghrelin has a
physiological role in improving learning and memory performance. However, the precise
molecular mechanisms that underlie the effects of ghrelin on hippocampal function remain to be
elucidated. The overall objective of this work was to test the hypothesis that ghrelin may affect

excitatory transmission in the hippocampus. Therefore we pursued the following objectives:

1) We investigated the subcellular localization of the ghrelin receptor in hippocampal
cultured neurons relatively to glutamatergic excitatory synapse, as well as its presence

in synaptic fractions purified from adult hippocampi.

2) We examined the role of ghrelin receptor activation in excitatory synaptic transmission
by performing electrophysiological recordings from organotypic hippocampal slices to
analyze the synaptic recruitment of GIluA1 in CA1 neurons, and the consequent

functional modifications, namely in terms of AMPARs-mediated synaptic currents.

3) We determined whether ghrelin receptor activation increases the expression of
NMDARs-dependent long-term potentiation in organotypic hippocampal slice cultures,
as well as the synaptic trafficking of GluA1-containing AMPARs upon induction of

chemical LTP in hippocampal cultured neurons.

4) We analyzed whether synaptic potentiation of AMPARs-mediated synaptic
transmission, upon ghrelin receptor activation in the hippocampus, was accompanied
by post-translational modifications in AMPARs, as well as in the AMPARs-associated
protein stargazin, which are among the main molecular targets for the induction of
AMPARSs synaptic trafficking.

5) We analyzed the effects of ghrelin on hippocampal AMPARSs traffic at different stages of

development. In this context, we explored the contribution of ligand-independent ghrelin
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receptor activity in AMPARs-mediated synaptic transmission, as well as in AMPARs

and stargazin phosphorylation.
Our findings provide the first evidence pointing to a role of ghrelin in regulating the

synaptic traffic of AMPAR in the hippocampus. This effect of ghrelin is likely to underlie its

cognitive enhancing properties.
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Materials

Rat ghrelin, the GHS-R1a antagonist [D-Lys3]-GHRP-6, TTX, AP5 and picrotoxin were
purchased from Tocris Bioscience (Bristol, UK). The GHS-R1a agonist MK-0677 was purchased

from Axon Medchem (Groningen, The Netherlands) and the GHS-R1a inverse agonist [D-Arg1,

D-Phe®, D-Trp7‘9, Leu”]-substance P from Bachem (Bubendorf, Switzerland). All other reagents

were purchased from Sigma-Aldrich (Sintra, Portugal) or from Merck (Darmstadt, Germany)

unless specified otherwise.

Primary Antibodies

Dilution (application)

Source

Actin 1:5000 (WB) Sigma-Aldrich (Sintra, Portugal)
Akt 1:1000 (WB) Cell Signaling Technology (Danvers,
USA)
aCaMKIll 1:2000 (WB) Sigma-Aldrich (Sintra, Portugal)
GFP 1:500 (ICC) MBL International (Woburn, USA)
GHS-R1a 1:200 (WB) Millipore (Madrid, Spain)
GHS-R1a 1:100 (ICC) Alpha Diagnostic International (Santo
Antonio, USA)
GluA1 1:1000 (WB) Millipore (Madrid, Spain)
GluA1 1:300 (ICC) kind gift from Dr. Andrew Irwing
(University of Dundee, Scotland)
MAP2 1:5000 (ICC) Abcam (Cambridge, UK)
PSD-95 1:2000 (WB) Cell Signaling Technology (Danvers,
USA)
1:750 (ICC)
PSD-95 1:200 (ICC) Affinity BioReagents (Golden, USA)
Synaptophysin 1:10000 (WB) Abcam (Cambridge, UK)
Tubulin 1:200000 (WB) Sigma-Aldrich (Sintra, Portugal)

65




Chapter 2

P-Ser(PKC Substrates) 1:1000 (WB) Cell Signaling Technology (Danvers,
USA)
P-Ser239/240(Stargazin) 1:500 (WB) Millipore (Madrid, Spain)
P-Serd73(Akt) 1:1000 (WB) Cell Signaling Technology (Danvers,
USA)
P-Ser831(GIluA1) 1:5000 (WB) Tocris Bioscience (Bristol,UK)
P-Ser845(GluA1) 1:1000 (WB) Millipore (Madrid, Spain)
P-Thr286/287(a/BCaMKIl) 1:1000 (WB) Upstate (Millipore, Madrid, Spain)
Vglut1 1:5000 (ICC) Millipore (Madrid, Spain)

Secondary Antibodies

Dilution (application)

Source

Alkaline phosphatase-
conjugated anti-mouse

1:20000 (WB)

GE Heathcare (Carnaxide, Portugal)

Alkaline phosphatase-
conjugated anti-rabbit

1:20000 (WB)

GE Heathcare (Carnaxide, Portugal)

Alexa 488-conjugated anti- 1:500 (ICC) Molecular Probes (Leiden, The
mouse Netherlands)

Alexa 488-conjugated anti- 1:500 (ICC) Molecular Probes (Leiden, The
rabbit Netherlands)

Alexa 488-conjugated anti- 1:500 (ICC) Molecular Probes (Leiden, The
sheep Netherlands)

Alexa 594-conjugated anti- 1:500 (ICC) Molecular Probes (Leiden, The
rabbit Netherlands)

Alexa 647-conjugated anti- 1:500 (ICC) Molecular Probes (Leiden, The
guinea pig Netherlands)

Texas red-conjugated anti- 1:200 (ICC) Molecular Probes (Leiden, The
mouse Netherlands)

AMCA-conjugated anti- 1:200 (ICC) Jackson ImmunoResearch (West

chicken

Grove, USA)

ICC — Immunicytochemistry

WB — Western blot
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Methods

Rat ghrelin, MK-0677 and [D-Arg’, D-Phe®, D-Trp"®°, Leu'']-substance P
Application

Hippocampal organotypic slices (3 or 4 DIV) were treated with the GHS-R1a agonist
MK-0677 (1 uM), the GHS-R1a inverse agonist [D-Arg1, D-Phe®, D-Trp7’9, Leu”]-substance P (1
pM) and rat ghrelin (1 uM) for 20 hours or with the agonist MK-0677 in the presence of the
GHS-R1a antagonist [D-Lys’]-GHRP-6 (100 uM), TTX (1 puM) and AP5 (100 uM). 6 DIV
hippocampal organotypic slices were treated with the GHS-R1a agonist MK-0677 (1 yM), the
GHS-R1a inverse agonist [D-Arg1, D-Phe®, D-Trp7’9, Leu”]-substance P (1 uM) and the GHS-
R1a antagonist [D-Lyss]-GHRP-G (100 pM) for 20 h. For the biochemistry experiments the
antagonist was added 30 min before the agonist. Hippocampal neurons in culture were
incubated with the GHS-R1a agonist MK-0677 1 uM for 1 hour (at 19 DIV) or for 20 h (at 18
DIV). When the GHS-R1a antagonist [D-Lys3]-GHRP—6 (100 pM) was present, it was added 30

min before the agonist. The compounds were all added directly into the culture medium.

Neuronal Culture

Primary cultures of rat hippocampal neurons were prepared from the hippocampi of
E18-E19 Wistar rat embryos, after treatment with trypsin [0.06% (w/v), 15 min, 37°C] (GIBCO,
Invitrogen, Barcelone, Spain) in Ca®*- and Mg®*-free Hanks’ balanced salt solution [5.36 mM
KCI, 0.44 mM KH,PO,, 137 mM NaCl, 4.16 mM NaHCO;, 0.34 mM Na,HPO,4-2H,0, 5 mM
glucose, 1 mM sodium pyruvate, 10 mM HEPES and 0.001% (w/v) phenol red]. Hippocampal
cells were washed with Hanks’ balanced salt solution six times. The cells were mechanically
dissociated and then plated in 6-well plates (8.9 x 10* cells/cm2) coated with poly-D-lysine (0.1
mg/ml) for biochemical purposes or at a final density of 3 x 10° cells/dish on poly-D-lysine-
coated coverslips in 60 mm culture dishes for imaging purposes. The cells were plated in
neuronal plating medium [Minimum Essential Medium (MEM; GIBCO, Invitrogen, Barcelone,
Spain) supplemented with 10% (v/v) horse serum (GIBCO, Invitrogen, Barcelone, Spain), 0.6%
(w/v) glucose, and 1 mM pyruvic acid]. Once neurons attached to the substrate, after 2—4 h, in
case of high density cultures the neuronal plating medium was replaced by neuronal culture
medium containing neurobasal medium (GIBCO, Invitrogen, Barcelone, Spain) supplemented
with B27 supplement (1:50 dilution; GIBCO, Invitrogen, Barcelone, Spain), 25 uM glutamate, 0.5
mM glutamine, and 0.12 mg/ml gentamycin (GIBCO, Invitrogen, Barcelone, Spain). The
coverslips were flipped over an astroglial feeder layer in 60 mm culture dishes containing
neuronal culture medium. These neurons grew face-down over the feeder layer but were kept
separate from the glia by wax dots on the neuronal side of the coverslips. To prevent the
overgrowth of glia, neuron cultures were treated with 5 yM cytosine arabinoside after 3 d.

Cultures were maintained in a humidified incubator of 5% CO,/95% air at 37°C, feeding the cells
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once per week by replacing one-third of the medium per well or dish, using neuronal culture

medium without glutamate. Cultures were used after 7,15, 16, 19 or 21 d.

Slice Culture and Sindbis Virus Expression

Hippocampal slices were prepared from young Wistar rats of either sex (postnatal day
5-6) as previously described (Gahwiler et al., 1997). Briefly, after dissection of the hippocampi
in ice cold gassed (5% CO./95% O,) dissection solution (in mM: 10 glucose, 4 KCI, 24 NaHCO3,
234 sucrose, 0.5 MgCl,'6H,0, 0.7 CaCl,-2H,0, 0.03 phenol red, at pH 7.4), 400 um transverse
slices were prepared using a tissue slicer. Slices were transferred to slice culture inserts
(Millipore, Madrid, Spain) and cultured in culture medium [Minimum Essential Media (MEM,;
GIBCO, Invitrogen, Barcelone, Spain) supplemented with 20% (v/v) horse serum (GIBCO,
Invitrogen, Barcelone, Spain), 1 mM glutamine, 1 mM CaCl,, 2 MgSQO,, 1 mg/l insulin, 0.0012%
(w/v) ascorbic acid, 30 mM HEPES, 13 mM glucose, 5.2 mM NaHCO3;, at pH 7.25, and final
osmolarity of 320 mOsm/l]. Cultures were maintained in a humidified incubator of 5% CO,/95%
air at 35.5°C, and the culture medium was replaced every 2-3 d. The recombinant GluA1-GFP
was delivered into slices using Sindbis virus after 1-2 in culture, as previously described

(Malinow et al., 2010). Recombinant protein expression was typically for 2 d.

Biochemistry

Protein extracts were prepared in lysis buffer [10 mM HEPES (pH 7.4), 150 mM NacCl,
10 mM EDTA, 1% (v/v) Triton X-100 supplemented with 1 mM DTT, 0.1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 ug/ml chymostatin, 1 ug/ml leupeptin, 1 ug/ml antipain,
1 pg/ml pepstatin (CLAP) and a cocktail of phosphatase inhibitors (1x, Roche, Carnaxide,
Portugal)]. After centrifugation at 16,100 x g for 10 min at 4°C, protein in the supernatant was
quantified using the bicinchoninic acid (BCA) assay kit (Pierce, Termo Fisher Scientific,
Rockford, USA), and the samples were denatured with 5x concentrated denaturating buffer
[62.5 mM Tris-HCI (pH 6.8), 10% (v/v) Glicerol, 2% (v/v) SDS, 0.01% (w/v) bromophenol blue
and 5% (v/v) B-mercaptoethanol (added fresh)], and boiled for 5 min. Protein extracts were
resolved by SDS-PAGE in 7.5% or 12% polyacrylamide gels. For western blot analysis, proteins
were transferred onto a PVDF membrane (Millipore, Madrid, Spain) by electroblotting (40 V,
overnight at 4°C). The membranes were blocked for 1 h at room temperature in Tris-buffered
saline (137 mM NacCl, 20 mM Tris-HCI, pH 7.6) containing 0.1% (v/v) Tween-20 (TBS-T), and
5% (w/v) low-fat milk or BSA. Membranes were probed during 1 h, at room temperature, or
overnight, at 4°C, with the primary antibodies diluted in TBS-T containing 5% or 0.5% (w/v) low-
fat milk or 5% (w/v) BSA. Following several washes, membranes were incubated for 1 h with
alkaline phosphatase conjugated secondary antibodies (anti-mouse or anti-rabbit, depending on
the primary antibody host species) at room temperature, washed again and incubated with
chemifluorescent substrate (ECF) (GE Heathcare, Carnaxide, Portugal) for 5 min at room

temperature. Membranes were scanned with the Storm 860 scanner (GE Heathcare,
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Carnaxide, Portugal), and quantified using the ImageQuant software under linear exposure
conditions. When necessary, the membranes were stripped (0.2 M NaOH for 5 min) and re-

probed.

Subcellular Fractionation

The procedure for purification of synaptossomes was adapted from Peca et al., 2011.
Two hundred mg of hippocampi, dissected from adult Wistar rats, were collected and
homogenized in a motor driven glass Teflon homogenizer (30 stokes, 900 rpm, at 4°C) in
HEPES-buffered sucrose (HBS) buffer [0.32 M sucrose, 4 mM HEPES (pH 7.4)] supplemented
with protease and phosphatase inhibitors (0.2 mM PMSF, 1 ug/ml CLAP, 0.1 mM Na3VO,, and
50 mM NaF). The hippocampal homogenate was collected and centrifuged at 900 x g for 15
min, at 4°C, to obtain the non-nuclear fraction (S1). The resultant supernatant was centrifuged
at 18,000 x g for 15 min, at 4°C, to yield the crude synaptossomal pellet (P2). P2 was
resuspended in HBS (non-supplemented with Na;VO, and supplemented also with the protease
inhibitor 1 mM DTT) and centrifuged at 18,000 x g for 15 min, at 4°C, to yield the washed crude
synaptossomal fraction. Protein concentrations were determined using the BCA assay kit
(Pierce, Termo Fisher Scientific, Rockford, USA), and samples were denatured with 5x
concentrated denaturating buffer, warmed for 5 min at 95°C, and separated by SDS-PAGE

using an equal amount of protein for each fraction.

Neuron Transfection

GFP-tagged GHS-R1a (GHS-R1a-GFP) was recombinantly expressed in primary
cultures of hippocampal neurons at 9 DIV using the calcium phosphate transfection protocol
(adapted from Jiang et al., 2004). The GHS-R1a-GFP plasmid (4 ug per coverslip) was diluted
in Tris-EDTA transfection buffer (10 mM Tris-HCI and 2.5 mM EDTA, pH 7.3). Briefly, a CaCl,
solution (2.5 M in 10 mM HEPES) was then added, dropwise, to the plasmid DNA-containing
solution to give a final concentration of 250 mM CaCl,. This was then added to an equivalent
volume of HEPES-buffered transfection solution (274 mM NaCl, 10 mM KCI, 1.4 mM Na,HPOy,,
11 mM dextrose, 42 mM HEPES, pH 7). The mixture was vortexed gently for 2-3 s, and the
precipitate was allowed to develop at room temperature for 30 min, protected from light, and
vortexed every 5 min. The precipitated DNA was added dropwise to the coverslips, and the
cultures were incubated with the precipitate for 1-3 h in the presence of kynurenic acid (2 mM).
Each coverslip was transferred to a freshwell of the 12-well plate containing 1 ml of conditioned
culture medium with kynurenic acid (2 mM), slightly acidified with HCI (~5 mM final
concentration), and the plate was returned to a 37°C, 5% C0O,/95% air incubator for 10—15 min.
Coverslips were then transferred to the original dish containing the conditioned medium. The
cells were then returned to a 37°C, 5% CO./95% air incubator to allow expression of the

transfected construct. Protein expression was typically for 7 d.
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Immunocytochemistry

For labeling surface GluA1-containing AMPA receptors, live neurons were incubated for
10 min at room temperature using an antibody against an extracellular epitope in the GIuA1 N-
terminus diluted in conditioned neuronal culture medium or extracellular solution (used for
chemical LTP). Neurons were then fixed for 15 min in 4% sucrose and 4% paraformaldehyde in
phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM KCI, 1.8 mM KH,PO,4 and 10 mM
Na,HPO,4-2H,0, pH 7.4) at room temperature, and permeabilized with PBS + 0.25% (v/v) Triton
X-100 for 5 min, at 4°C. Neurons were then incubated in 10% (w/v) BSA in PBS for 30 min at
37°C to block nonspecific staining, and incubated in appropriate primary antibody diluted in 3%
(w/v) BSA in PBS (2 h, 37°C or overnight, 4°C ). After washing 6 times in PBS, cells were
incubated with the secondary antibody diluted in 3% (w/v) BSA in PBS (45 min, 37°C). The

coverslips were mounted using fluorescent mounting medium from DAKO (Glostrup, Denmark).

chemical LTP (cLTP) Protocol

cLTP was induced as previously described (Ahmad et al., 2012). 19 DIV hippocampal
cultures were thoroughly washed with extracellular solution (ECS) containing (in mM): 150
NaCl, 2 CaCl,, 5 KCI, 10 HEPES, 30 Glucose, 0.001 TTX, 0.01 strychnine, 0.03 picrotoxin, pH
7.4. After washing, neurons were stimulated with or without glycine (300 pM) at room
temperature for 3 min in ECS and then incubated for 20—25 min in ECS (no added glycine) in a
37°C, 5% CO,/95% air incubator. Surface GluA1-AMPAR were labeled, fixed and probed as

described above.

Quantitative Imaging Analysis

Imaging was performed on a Zeiss Axiovert 200M microscope and on Zeiss LSM 510
Meta or Zeiss LSM 710 confocal microscopes using a 63 X 1.4 numerical aperture oil objective.
Images were quantified using image analysis software (Imaged). For quantification, sets of cells
were cultured and stained simultaneously, and imaged using identical settings. The region of
interest was randomly selected avoiding primary dendrites, and dendritic length was measured
using MAP2 staining. Measurements were performed in 2-5 independent preparations, and at

least 7 cells per condition were analyzed for each preparation.

GHS-R1a and GHS-R1a-GFP

For GHS-R1a (endogenous and exogenous) measurements, the PSD-95 and Vglut1
signals were thresholded and their colocalization was determined. The GHS-R1a signal was
measured after thresholds were set so that recognizable clusters were included in the analysis,
and GHS-R1a signal present in glutamatergic synapses was obtained by measuring the GHS-

R1a puncta positive for both PSD-95 and Vglut1l. The number of glutamatergic synapses
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containing GHS-R1a per dendritic length was determined by identifying PSD-95- and Vglut1-
positive and PSD-95 clusters that were also labeled for GHS-R1a.

GIluA1

For quantifying the surface GIuA1 signal, digital images were subjected to a user-
defined intensity threshold to select clusters and measured for cluster intensity, number, and
area for the selected region. The synaptic GluA1 clusters were selected by their overlap with

thresholded Vglut1 signal.

Electrophysiology

Voltage-clamp whole-cell recordings were performed stimulating Schaffer collateral
fibers and recording evoked synaptic responses from CA1 pyramidal neurons at holding
potentials. The AMPA/NMDA ratios were calculated by acquiring AMPAR responses at —60 mV
and NMDAR responses at +40 mV at a latency at which AMPAR responses were fully decayed
(60 ms after stimulation). Picrotoxin (100 uM) was present in the external solution to block the
GABAR responses. The NMDA/GABA ratios were calculated by recording NMDAR responses
at =60 mV and GABAAR responses at 0 mV, in the absence of Mg®. CNQX (10 uM) was
present in the external solution to block AMPAR responses. For the rectification studies, GluA1-
GFP was expressed in CA1 neurons for 48 h, and AMPAR responses were recorded at -60 mV
and +40 mV in the presence of 100 uM AP5 (external solution) and 100 yM spermine (internal
solution). LTP was induced using a pairing protocol by stimulating Schaffer collateral fibers at 3
Hz for 1.5 min (540 pulses) while depolarizing the CA1 postsynaptic cell to 0 mV. Prior to
recording, a cut was made between CA3 and CA1 to minimize recurrent activity. The recording
chamber was perfused with external solution (in mM: 119 NaCl, 2.5 KCI, 1 NaH,PO,4, 11
glucose, 26 NaHCO;, 4 MgCl,, 4 CaCl, and 0.004 2-chloroadenosine, at pH 7.4), and was
gassed with 5% CO,/95% O,. Patch recording pipettes (3—6 M Q) were filled with internal
solution (in mM: 115 CsMeSO3;, 20 CsCl, 10 HEPES, 2.5 MgCl,, 4 Na,ATP, 0.4 Na;GTP, 10
sodium phosphocreatine and 0.6 EGTA, at pH 7.25). Synaptic responses were evoked with
bipolar electrodes using single-voltage pulses (200 ps, up to 20 V). The stimulating electrodes
were placed over Schaffer collateral fibers between 300 and 500 um from the CA1 recorded
cells. Synaptic responses were averaged over 50 trials. Whole-cell recordings were carried out

with a Multiclamp 700A amplifier (Molecular Devices, Sunnyvale, USA).

Statistical Analysis

All graphs represent average values + s.e.m. Statistical differences were calculated
according to non-parametric tests for most part of the cases; when parametric tests were used
data were first converted to logarithm. Mann-Whitney test or Paired t test were used to compare

statistical differences between any two groups. Comparisons between multiple groups were
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performed with the Kruskal-Wallis analysis of variance followed by Dunn’s Multiple Comparison

test.
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Driving AMPARSs into Synapses by Ghrelin

Summary

Ghrelin is a peptide mainly produced by the stomach and released into circulation,
affecting energy balance and growth hormone release. These effects are guided largely by the
expression of the ghrelin receptor (GHS-R1a) in the hypothalamus and pituitary. However,
GHS-R1a is expressed in other brain regions, including in the hippocampus, where its activation
enhances memory retention. Herein, we explore the molecular mechanism underlying the
hippocampal action of ghrelin. Our data show that GHS-R1a is localized in the vicinity of
hippocampal excitatory synapses, and that its activation increases delivery of AMPA receptors
(AMPARSs) to synapses. These changes are paralleled by functional modifications at excitatory
synapses. Moreover, GHS-R1a activation enhances two different paradigms of long-term
potentiation in the hippocampus and increases AMPARs and stargazin phosphorylation. These
results indicate that GHS-R1a activation enhances excitatory synaptic transmission in the

hippocampus by regulating AMPARs trafficking.
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Introduction

The appetite stimulating peptide ghrelin is a 28 amino acids peptide predominantly
produced by X/A-like cells in the oxyntic glands of the stomach as well as in the intestine (Date
et al.,, 2000a), and secreted into the blood stream. This peptide promotes pituitary growth
hormone secretion, through activation of the growth hormone secretagogue type 1a receptor
[GHS-R1a or ghrelin receptor (Kojima et al., 1999)]. Additionally, ghrelin is involved in the
regulation of energy balance by increasing food intake and reducing fat utilization (reviewed in
Gao and Horvath, 2007). Plasma ghrelin levels rise before meals and decrease thereafter
(Cummings et al.,, 2001), a pattern which is consistent with the implication of ghrelin in
preprandial hunger and meal initiation. Ghrelin is secreted to the circulation and crosses the
blood-brain barrier (Banks et al., 2002; Diano et al., 2006), but there is also evidence for ghrelin
synthesis locally in the brain (Kojima et al., 1999; Lu et al., 2002; Cowley et al., 2003). The
GHS-R1a receptor mRNA was initially found in the hypothalamus and in the pituitary gland
(Howard et al., 1996), and later detected in the hippocampus (Guan et al., 1997). GHS-R1a is a
G protein-coupled seven-transmembrane domain receptor, which can signal through Ggqsa
protein to activate phosphatidylinositol-specific phospholipase C, but which can activate other
signaling cascades through various G protein subunits, including Gqa and Gj,a (reviewed in
Gao and Horvath, 2007).

The finding that GHS-R1a is expressed in the hippocampus raises the possibility that
ghrelin similarly to other appetite-regulating hormones such as leptin (Moult et al., 2010) may
affect brain functions other than those related to endocrine and metabolic regulation (reviewed
in Andrews, 2011). Indeed, in the last few years several studies have shown that ghrelin
increases memory retention in rodents, and that the hippocampus participates in this effect
(Carlini et al., 2002, 2004; Diano et al., 2006; Chen et al., 2011). Ghrelin deficient mice exhibit
decreased novel object recognition, a type of memory test dependent on hippocampal function
(Diano et al., 2006), suggesting that endogenous ghrelin has a physiological role in improving
learning and memory. Additionally, high-fat and high-glucose diets, which inhibit ghrelin
secretion (Beck et al., 2002; Lomenick et al., 2009), impair hippocampus-dependent synaptic
plasticity and spatial memory (Wu et al., 2003; Stranahan et al., 2008). On the other hand,
caloric restriction, which results in an increase in the circulating levels of ghrelin (Lutter et al.,
2008), decreases aging-related deficiencies in cognitive processes (Witte et al., 2009) while
increasing learning consolidation and facilitating synaptic plasticity (Fontan-Lozano et al., 2007).
Recent evidence suggests an enhancing effect of ghrelin on long-term potentiation (LTP) in the
hippocampus (Diano et al., 2006; Chen et al., 2011), a form of activity-dependent synaptic
plasticity which is the cellular correlate for learning and memory (Bliss and Collingridge, 1993).
However, one study did not observe effects of ghrelin on LTP induced by theta burst stimulation
(Diano et al., 2006), while the other only detected effects of ghrelin on a late phase of LTP (2h
after high-frequency stimulation; Chen et al., 2011).
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Although the function of ghrelin as a cognitive enhancer is well documented, the
molecular mechanisms that underlie this function are still poorly understood. Here, we have
tested whether the activation of GHS-R1a affects the trafficking of a-amino-3-hydroxyl-5-methyl-
4-isoxazole-propionate receptors (AMPARSs), crucial for the expression of changes in synaptic
strength in the hippocampus (reviewed in Santos et al., 2009). We report that GHS-R1a
localizes to excitatory synapses and that its activation induces the synaptic delivery of GIuA1-
AMPAR in rat hippocampal cultures and in CA1 cells in organotypic hippocampal slices. These
changes enhance excitatory synaptic transmission. Furthermore, we show that ghrelin receptor
activation enhances LTP expression in the CA3-CA1 synapse in organotypic hippocampal
slices, and increases the synaptic and cell surface trafficking of GluA1-AMPAR induced by
chemical LTP in hippocampal cultures. Finally, we demonstrate that ghrelin receptor activation
in the hippocampus increases the phosphorylation of GluA1 and stargazin. Taken together our
data indicate that ghrelin receptor activation regulates AMPARSs trafficking underlying synaptic

plasticity and learning.
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Results

GHS-R1a Localizes to Excitatory Hippocampal Synapses

Previous evidence suggests that GHS-R1a is expressed in the hippocampus (Diano et
al., 2006; Cuellar and Isokawa, 2011), but the subcellular localization of GHS-R1a in
hippocampal cells has not been studied. Primary hippocampal neurons were transfected with
GFP-tagged GHS-R1a (Leung et al., 2007) and immunolabeled at 16 DIV for GFP. GHS-R1a-
GFP is distributed throughout dendrites and forms clusters that partially colocalize with the
glutamatergic synapse markers PDS-95, a postsynaptic scaffold, and Vglut1, a presynaptic
vesicular glutamate transporter (Figure 1A). To evaluate the presence of GHS-R1a-GFP at
excitatory synapses, we identified regions of overlap between the PSD-95 and Vglut1 signals
and measured the GHS-R1a-GFP immunolabeling at these sites (Figure 1B). We found that
37.9+0.05% of the clusters positive for both PSD-95 and Vglut1, presumably corresponding to
functional synapses, contain GHS-R1a-GFP (Figure 1B and 1C), which accounts for 47.3+4.6%
of the total GHS-R1a-GFP fluorescence intensity in dendrites. Interestingly, only 20.6+0.01% of
the PSD-95 positive sites contain GHS-R1a-GFP (Figure 1C), suggesting that GHS-R1a is
preferentially localized to the vicinity of functional synapses. This distribution pattern was
confirmed using an antibody against the endogenous GHS-R1a (Figures S1A-S1C).
Furthermore, we observed that GHS-R1a is enriched in purified crude synaptosomes (P2
fraction) from adult rat hippocampi (Figure 1D), consistent with a synaptic expression of GHS-
R1a in the adult rat hippocampus. Finally, we found that GHS-R1a expression levels
significantly increase in cultured hippocampal neurons from 7 DIV up to 19 DIV (Figure S1D).
Taken together, this evidence indicates that a significant fraction of GHS-R1a is localized in the
vicinity of hippocampal glutamatergic synapses, and that its expression is regulated during

development, thus suggesting a role for ghrelin in regulating excitatory synaptic transmission.
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Figure 1. GHS-R1a localizes to excitatory synapses in the hippocampus. (A)
Representative immunofluorescence images of hippocampal neurons in culture transfected with
a GFP-GHS-R1a construct. Neurons were stained for PSD-95 and Vglut1. Scale bars represent
5 um. (B) Quantification of the number of dendritic clusters per dendritic length that are positive
for both PSD-95 and Vglut1 (functional synapses) and of the number of glutamatergic synapses
that contain GHS-R1a-GFP (PSD-95/Vglut1/GHS-R1a-GFP). n represents the total number of
analyzed cells in three independent experiments. Error bars represent s.e.m. (C) GHS-R1a-
GFP is preferentially localized to the vicinity of functional excitatory sinapses. The fraction of
synapses containing GHS-R1a-GFP was calculated by evaluating the presence of GHS-R1a-
GFP at regions of overlap between PSD-95 and Vglut1 clusters, or at PSD-95 clusters. n
represents the total number of analyzed cells in three independent experiments. Error bars
represent s.e.m. The statistical significance was calculated using the Mann-Whitney test (***P <
0.001). (D) GHS-R1a is enriched in purified crude synaptosomes. Synaptosomal fractions (P2)
isolated from adult rat hippocampi were analyzed for the presence of GHS-R1a, PSD-95,
synaptophysin (Synapt.) and actin, as indicated. The plot indicates the enrichment in each
protein in the synaptosomal fraction relatively to hippocampal homogenate fraction (S1),
normalized to actin. Error bars represent s.e.m. The statistical significance was calculated using
the Paired t test (*P < 0.05 and **P < 0.01). n represents the number of independent
experiments.
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GHS-R1a Activation Enhances Excitatory Synaptic Transmission by
Inducing GluA1-AMPAR Synaptic Delivery

To explore the effect of ghrelin receptor activation on the cell surface and synaptic
expression of GluA1-AMPAR, we performed quantitative immunofluorescence analysis of the
expression of synaptic cell surface GIuA1 in hippocampal neurons treated with the GHS-R1a
agonist MK-0677. Hippocampal neurons were treated with the GHS-R1a agonist (1 uM, 1 h), or
with the agonist simultaneously with the GHS-R1a antagonist [D-LysB]-GHRP-6 (100 uM), and
live-stained with an antibody against an extracellular epitope in the GIluA1 N-terminus. After
fixation, neurons were stained for MAP2 to visualize the dendritic structure, and for PSD-95 and
Vglut1 to visualize excitatory synapses. We verified that the treatment with the agonist
significantly increase the total fluorescence intensity of PSD-95 (Figure S2A), which was
blocked in the presence of the GHS-R1a antagonist (Figure S2A), and did not have any effect
on the total fluorescence intensity of Vglut1 (Figure S2B). Thus, suggesting an increase in
dendritic spine density upon ghrelin receptor activation, as described before (Diano et al., 2006;
Berrout and Isokawa, 2012). Considering the previous finding the excitatory synaptic marker
Vglut1 was used to define the cell surface synaptic GIuA1 clusters. Neurons treated with the
agonist showed a significant increase in the fluorescence intensity of total and Vglut1-
colocalized GluA1 surface clusters (Figures 2A-2C), which was abolished in the presence of
the GHS-R1a antagonist (Figures 2A—2C). These observations suggest that MK-0677 increases
the levels of AMPARs at the neuronal surface and at synapses through a mechanism that is

specifically mediated by the ghrelin receptor.
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Figure 2. Ghrelin receptor activation promotes the synaptic expression of GluA1. (A)
Hippocampal neurons 19 DIV were incubated with the ghrelin receptor agonist MK-0677 (1 uM)
for 1 h, with the agonist in the presence of the ghrelin receptor antagonist [D-Lys‘°’]-GHRP-6
(Atg, 100 pM), or with the antagonist (Atg) alone. Neurons were live stained for GIuA1 using an
antibody against an extracellular epitope in the GluA1 N-terminus. After fixation, neurons were
stained for PSD-95, Vglut1 and MAP2. Scale bars represent 2 um. Neurons were analyzed for
the total GIuA1 cell surface fluorescence intensity (B) and for the GIuA1 synaptic cluster
(Vglut1-colocalized) fluorescence intensity (C) per dendritic length. (B,C) Results are expressed
as % of control cells, and are averaged from three independent experiments. Error bars
represent s.e.m. The statistical significance was calculated using the Kruskal-Wallis test (P <
0.0001) followed by the Dunn’s Multiple Comparison test (***P < 0.001). Comparisons between
pairs were performed using the Mann-Whitney test (##P < 0.01 and #Pp < 0.001). n represents
the total number of analysed cells in independent preparations.

To directly determine whether GHS-R1a activation induces the delivery of new AMPARSs

into synapses, we expressed GIuA1-GFP in CA1 neurons in organotypic hippocampal slice
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cultures. Overexpression of GIluA1, with a Sindbis virus expression system, leads to the
formation of homomeric AMPARs containing the GIuA1 subunit (Hayashi et al., 2000). These
GluA2-lacking receptors are inwardly rectifying (Boulter et al., 1990; Hollmann et al., 1991;
Verdoorn et al., 1991), and therefore their recruitment to the synapse can be monitored as an
increase in the ratio of the evoked post synaptic current at —60 mV relative to the current at +40
mV [rectification index; (Hayashi et al., 2000)]. In this system it was previously shown that newly
synthesized GluA1-containing AMPARs are not spontaneously inserted at synapses, unless
driven by strong synaptic stimulation or activation of specific signaling pathways associated with
LTP induction (Hayashi et al., 2000; Boehm et al., 2006). Organotypic slice cultures were
infected with GIUA1-GFP at 1 DIV or 2 DIV, and the electrophysiology recordings were
performed at 3 or 4 DIV. Treatment of organotypic slices with ghrelin (1 uM, Figure 3A) or with
the GHS-R1a agonist MK-0677 (1 uM, Figure 3B) for 20 h did not change the rectification index
in uninfected cells, indicating that GHS-R1a activation does not alter the intrinsic rectification
properties of endogenous AMPARSs. Interestingly, we found that slice treatment with either
ghrelin (Figure 3A) or MK-0677 (Figure 3B) increases the rectification index in neurons that
express GIuA1-GFP, strongly suggesting that ghrelin receptor activation induces synaptic
delivery of AMPARSs. Importantly, the effect of MK-0677 on the synaptic delivery of GluA1-
AMPAR was blocked by the GHS-R1a antagonist [D-Lyss]-GHRP-G (100 pM, Figure 3B). In
addition, we tested whether the observed effect requires synaptic activity, and found that in the
presence of the NMDAR antagonist AP5 (100 uM), or of the voltage-gated sodium channels
blocker tetrodotoxin (TTX, 1 yM), the rectification index of GluA1-GFP-expressing neurons was
not significantly changed upon incubation with the GHS-R1a agonist MK-0677 (Figure 3B).
Taken together these results indicate that activation of the hippocampal ghrelin receptor

induces delivery of GluA1 homomeric receptors into synapses in an activity-dependent manner.
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Figure 3. Ghrelin receptor activation induces activity-dependent GluA1-AMPAR synaptic
delivery in CA1 neurons. (A,B) Voltage-clamp whole cell recordings obtained in CA1 neurons
expressing GluA1-GFP (Infected cells) and adjacent non-fluorescent neurons (Uninfected cells).
GluA1 synaptic delivery was quantified as an increase in rectification index (Rl = |_go/li40). (A)
Ghrelin induces GIuA1-AMPAR synaptic delivery in CA1 neurons. Average Rls for ghrelin-
treated cells (1 uM, 20 h) and untreated cells. (B) The ghrelin receptor agonist MK-0677
induces activity-dependent GIuA1-AMPAR synaptic delivery. Average Rls for untreated cells,
ghrelin receptor agonist-treated cells (1 uM, 20 h), ghrelin receptor agonist-treated cells in the
presence of the antagonist of the ghrelin receptor [D-LysS]-GHRP-B (Atg, 100 uM), the voltage-
gated sodium channels inhibitor tetrodotoxin (TTX) or the NMDAR antagonist AP5. (C,D)
Comparison of evoked synaptic responses in control organotypic hippocampal slices and in
slices treated for 20 h with the ghrelin receptor agonist MK-0677 (1 uM). (C) Average
AMPA/NMDA ratios for agonist-treated and control cells. (D) Average NMDA/GABA ratios for
agonist-treated and control cells. (A—D) Representative traces appear above the corresponding
bars. Error bars represent s.e.m. The statistical significance was calculated using the Mann-
Whitney test (*P < 0.05, **P < 0.01 and ***P < 0.001). n represents the number of cells. Scale
bars: vertical, 50 pA; horizontal, 20 ms.
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To evaluate whether the induction of AMPAR synaptic delivery mediated by GHS-R1a
activation produces a functional modification at excitatory CA3-CA1 synapses, 2 or 3 DIV
organotypic hippocampal slices were treated with the GHS-R1a agonist MK-0677 (1 uM, 20 h)
and electrophysiological recordings were performed at 3 or 4 DIV. The AMPA/NMDA ratio of
synaptic responses significantly increased after MK-0677 treatment compared with control
neurons (Figure 3C), whereas the NMDA/GABA ratio was not changed (Figure 3D).
Additionally, MK-0677 treatment did not change the passive membrane properties of the
neuron, indicating that cell-wide ion channel conductance was not altered (Figure S2C). These
results suggest that GHS-R1a activation produces a functional change at excitatory CA1
synapses, specifically an increase in AMPARs-mediated synaptic transmission. In conclusion,
this group of results suggests that GHS-R1a activation enhances excitatory synaptic

transmission by inducing the insertion of new AMPARSs at synapses.

GHS-R1a Activation Enhances Hippocampal LTP

The classic paradigm for activity-dependent synaptic delivery of AMPARs is NMDAR-
dependent LTP. Since our data suggest that the synaptic incorporation of AMPARSs induced by
GHS-R1a activation is an activity-dependent process we hypothesized that GHS-R1a activation
may facilitate LTP-like events in the hippocampus. Therefore, we tested whether ghrelin
receptor activation affects this form of synaptic plasticity. Hippocampal organotypic slices (2 or 3
DIV) were treated with the GHS-R1a agonist MK-0677 (1 uM, 20 h) and LTP was induced in the
CA3-CA1 synapse. LTP induction significantly increased AMPAR-mediated responses in both
MK-0677-treated and untreated neurons (Figure 4A and 4B). However, MK-0677 application
dramatically enhanced LTP expression [5.0+0.9 fold potentiation with MK-0677 vs. 2.3+0.3 fold
potentiation in control neurons (Figure 4A)]. Additionally, MK-0677 treatment did not have an
effect on the non-potentiated (unpaired) pathway (Figure S3A). This suggests that GHS-R1a

activation facilitates classic NMDAR-dependent LTP.
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Figure 4. The ghrelin receptor agonist MK-0677 enhances long-term synaptic potentiation
in the CA3-CA1 synapse. (A) Sample traces of evoked AMPAR-mediated synaptic responses
recorded from CA1 neurons at —60 mV before (light gray line) and after (darker line) LTP
induction. Scale bars: vertical, 50 pA; horizontal, 20 ms. Organotypic slice cultures were
incubated in culture medium, or in medium containing the ghrelin receptor agonist MK-0677 (1
MM, 20 h). Plot shows quantification of average synaptic potentiation from paired pathway 20—
30 min after LTP induction. Error bars represent s.e.m. The statistical significance was
calculated using the Mann-Whitney test (*P < 0.05). n represents the number of cells. (B) Time
course of normalized AMPAR-mediated synaptic responses before and after LTP induction. For
simplicity, each time point in the plot corresponds to the average of 12 consecutive stimulations
(sampling rate: 0.2 Hz).

To directly test whether GHS-R1a activation affects NMDAR-triggered delivery of
endogenous GluA1-containing AMPARSs to synaptic sites, we used a neuronal culture model of
LTP (chemical LTP, cLTP), in which pharmacological activation of NMDARs leads to an
increase in the surface expression of AMPARSs (Lu et al., 2001; Passafaro et al., 2001; Park et
al., 2004; Kennedy et al., 2010; Ahmad et al., 2012). Consistent with previous results cLTP
induction caused a significant increase in the fluorescence intensity of total (Figures 5A and 5B)
and Vgluti-colocalized GIluA1 surface clusters (Figures 5A and 5C). We found that pre-
treatment with the GHS-R1a agonist MK-0677 (1 uM) for 1 h before the cLTP protocol
significantly increases the fluorescence intensity of total (Figures 5A and 5B) and Vglut1-
colocalized GIuA1 surface clusters (Figures 5A and 5C) compared to neurons subjected to
cLTP only, suggesting that GHS-R1a activation increases the cLTP-induced delivery of
endogenous GIuA1-AMPAR to synaptic sites. The same effect was observed for neurons

treated for 20 h with MK-0677 (Figures S3B-S3D). The MK-0677-induced increase in the
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surface expression of AMPARs upon cLTP was abolished by application of the GHS-R1a
antagonist [D-Lys3]-GHRP-6 (Figures 5A-5C and S3B-S3D), in agreement with an effect
specifically mediated by ghrelin receptor activation. These data suggest that the pre-treatment
with the agonist produces an alteration in the trafficking of AMPARs, which facilitates their
recruitment to the synapse upon cLTP induction. Altogether, these data suggest that GHS-R1a
activation in the hippocampus increases the AMPARs delivery to synapses, facilitating the

expression of LTP-like events.
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Figure 5. Treatment with the ghrelin receptor agonist MK-0677 increases the cell surface
trafficking of GluA1-AMPAR mediated by cLTP. (A) Hippocampal neurons in culture were
submitted to the following stimuli: cLTP (300 uM glycine for 3 min in the absence of Mg**), cLTP
in neurons treated with the ghrelin receptor agonist MK-0677 (1 uM, 1 h) or simultaneously with
the ghrelin receptor agonist and antagonist [D-Lys3]-GHRP-6 (Atg, 100 uM). Neurons were kept
at 37°C for 20 min (without glycine) and were live stained for surface GluA1. After fixation,
neurons were stained for PSD-95, Vglut1 and MAP2. Scale bars represent 2 um. Neurons were
analyzed for the total GluA1 cell surface fluorescence intensity (B), and for the GluA1 synaptic
cluster (Vglut1-colocalized) fluorescence intensity (C) per dendritic length. (B,C) Results are
expressed as % of control cells, and are averaged from 3-5 independent experiments. Error
bars represent s.e.m. The statistical significance was calculated using the Kruskal-Wallis test (P
< 0.0001) followed by the Dunn’s Multiple Comparison test (*P < 0.05, **P < 0.01 and ***P <
0.00;#). Comparisons between pairs were performed using the Mann-Whitney test (#P < 0.05
and P < 0.01). n represents the number of cells.
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GHS-R1a Activation Increases GIuA1 and Stargazin Phosphorylation

Two distinct but interrelated mechanisms regulate AMPAR function: modulation of the
receptor ion channel properties (e.g., Derkach et al.,, 1999) and regulation of the synaptic
targeting of the receptor (e.g., Hayashi et al., 2000). Both of these processes are regulated by
receptor phosphorylation (reviewed in Henley et al., 2011). We evaluated four key events linked
to ghrelin receptor activation and playing an important role in the trafficking of AMPARs and
consequently in LTP: PKC activation, PI3 kinase activation, GIuA1 phosphorylation and
stargazin phosphorylation. These biochemical changes were evaluated in whole-cell extracts
from 4 DIV organotypic hippocampal slices at different times after adding the GHS-R1a agonist
MK-0677 (1 uM). To evaluate global PKC activation, we monitored the phosphorylation of
multiple PKC substrates. MK-0677 treatment led to an upregulation of the PKC pathway, with a
significant increase after 5 h of treatment, which was abolished by the GHS-R1a antagonist
(Figure S4A). The activation of the PI3 kinase pathway was monitored evaluating the

473

phosphorylation of the PI3 kinase downstream effector Akt at Ser As shown in

Supplementary Figure 4B, MK-0677 application led to rapid (30 min) significant activation of the

85 and stargazin at Ser?29/240

PI3 kinase pathway. Phosphorylation of GIuA1 at Ser®®" and Ser
were evaluated with the corresponding phospho-specific antibodies. GluA1 phosphorylation at
Ser®' (a PKC substrate, Figure 6A) and GluA1 phosphorylation at Ser®*® (a PKA substrate,
Figure 6B) significantly increased after prolonged treatment with MK-0677. Finally, stargazin
phosphorylation at Ser”***® was significantly induced 20 h after the addition of MK-0677 (Figure
6C), an effect which was abolished by the GHS-R1a antagonist. Collectively, these results
strongly suggest that ghrelin receptor activation initiates signaling mechanisms ultimately
producing post-translational modifications in GIuA1-AMPAR and in the AMPAR-associated
protein stargazin. These mechanisms may be related to an enhancement of excitatory synaptic

transmission, as a consequence of GluA1 synaptic delivery.
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Figure 6. Ghrelin receptor activation triggers changes in GIluA1 and stargazin
phosphorylation in the hippocampus. (A—C) Western blot analysis of protein extracts from
hippocampal slices incubated with culture medium or with medium containing the ghrelin
receptor agonist MK-0677 (1 uM) for the indicated perlods of time, or with MK-0677 in the
presence of the ghrelin receptor antagonist [D- Lays ] -GHRP-6 (At% 100 uM). The primary
antibodies detected Phosphorylated GluA1 at Ser® (A) and at Ser® (B), and phosphorylated
stargazin at Ser® (C). Tubulin was used as a loading control. The graphs represent the
quantification of band intensities relative to control extracts. Error bars represent s.e.m. The
statistical significance was calculated using the Paired t test (*P < 0.05 and P <o 05). n
represents the number of independent experiments.

88



Driving AMPARSs into Synapses by Ghrelin

Discussion

The localization of the ghrelin receptor in the hippocampus raises the possibility that
signaling through this receptor may control higher brain functions, and represent a molecular
link between energy metabolism and learning capabilities. A decade ago Carlini and colleagues
first suggested that ghrelin could affect cognition (Carlini et al.,, 2002). In this study,
intracerebroventricular injection of ghrelin in rats was found to increase the latency time in the
step-down inhibitory avoidance test, suggesting an increase in memory retention. Diano and
colleagues showed that ghrelin can enter the CNS and bind to hippocampal neurons, promoting
dendritic spine formation. Additionally, they found that ghrelin treatment of acute hippocampal
slices enhances the rise in EPSP slope in the CA1 region after a 10 Hz stimulation (Diano et al.,
2006). A recent study found that a single ghrelin infusion prolongs the expression of LTP in the
dentate gyrus in vivo (Chen et al., 2011). Ghrelin knockout animals showed decreased number
of spine synapses in the hippocampus and impaired performance in novel object recognition
tests, both of which were rapidly reversed by ghrelin administration (Diano et al., 2006). This
evidence indicates a function for endogenous ghrelin in modulating hippocampal spines and
hippocampal-dependent memory, which is further supported by the fact that ghrelin receptor
knockout mice display impairments in the Morris water maze test (Davis et al., 2011). Taken
together these studies strongly support a cognition enhancer effect for ghrelin through its
hippocampal action. Ghrelin mediated-signaling could provide the link between metabolic
requirements, feeding and memory retention, facilitating the successful search for food sources,
allowing animals to remember food locations and to retain the successful approach that was

used to find them (reviewed in Moran and Gao, 2006 and Olszewski et al., 2008).

Despite all the studies implicating ghrelin and ghrelin receptor mediated-signaling in
hippocampal memory processes, little is known about the cellular and molecular mechanisms
underlying these effects. In the present study we provide evidence that supports an effect of
ghrelin receptor activation on AMPARs synaptic traffic, broadly accepted as a mechanism for
the expression of the synaptic plasticity processes thought to be the cellular correlates of
learning and memory (reviewed in Collingridge et al., 2004). We found that the ghrelin receptor
partially colocalizes with synaptic proteins of glutamatergic synapses in primary hippocampal
neurons, and is enriched in synaptosomes purified from adult rat hippocampus, suggesting that
it is appropriately localized to modulate excitatory transmission. We report that activation of
hippocampal ghrelin receptors promotes the synaptic insertion of AMPARSs in the hippocampus.
Ghrelin receptor activation resulted in an activity-dependent increase in the inward rectification
of AMPAR-mediated responses in CA1 neurons that express GIuA1-GFP in hippocampal slices,
and produced an increase in the synaptic levels of AMPA receptors in cultured hippocampal
neurons. These synaptic changes in AMPARSs trafficking were paralleled by an increase in the
AMPA/NMDA ratio of synaptic responses from CA1 neurons upon ghrelin receptor activation in

hippocampal slices. We also show that activation of the ghrelin receptor dramatically enhances
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LTP expression in organotypic hippocampal slices, and increases the synaptic accumulation of
GluA1 triggered by cLTP in cultured hippocampal neurons. Altogether our data indicate that
ghrelin receptor activation in the hippocampus, besides promoting dendritic spine formation as
previously shown (Diano et al., 2006), enhances synaptic plasticity by delivering AMPARSs into

synapses.

How does ghrelin receptor activation affect AMPA receptor traffic? We found that
activation of the ghrelin receptor in the hippocampus leads to changes in the phosphorylation of
AMPA receptors and stargazin. Ghrelin receptor activity triggers the phosphorylation of two

known PKC substrates, Ser®!

in GluA1 (Roche et al.,, 1996) and stargazin (Tomita et al.,
2005b). These are also substrates for Ca®"- and calmodulin-dependent protein kinase Il
(CaMKIl) (Mammen et al., 1997; Tomita et al., 2005b), but we could not detect activation of
CaMKIl upon ghrelin receptor activation (Figure S4C). Phosphorylation of Ser®® in GIuA1
increases significantly during LTP (e.g., Boehm et al., 2006), but does not seem to be required
for receptor synaptic delivery (Hayashi et al., 2000). However, it is possible that other PKC
phosphorylation sites in GIuA1, such as Ser®'® (Boehm et al., 2006) and Ser®'® (Lin et al., 2009),
which affect the synaptic incorporation of AMPA receptors, may be phosphorylated upon ghrelin
receptor activation. In addition we found that phosphorylation of Ser®” in GIuA1, a substrate for
protein kinase A (Roche et al., 1996) is increased in slices treated with MK-0677, in agreement
with a previous study showing that ghrelin can activate PKA in the hippocampus (Cuellar and
Isokawa, 2011). Phosphorylation of Ser® in GluA1 is necessary but not sufficient for synaptic
incorporation of GluA1-containing AMPARs (Esteban et al., 2003), and was shown to prime
AMPARSs for synaptic delivery by trafficking them to extrasynaptic sites; subsequent synaptic
incorporation requires synaptic NMDARs activation (Oh et al., 2006). In fact, we observed that
the increase in AMPARSs synaptic delivery mediated by ghrelin receptor activation is blocked by
AP5, suggesting a NMDARs-dependent mechanism. The AMPA receptor-associated protein
stargazin was also phosphorylated upon ghrelin receptor activation in hippocampal slices.
Phosphorylation of stargazin promotes synaptic trafficking of AMPARSs, and is required for LTP
(Tomita et al., 2005b). Upon phosphorylation stargazin binds to PDZ domain-containing proteins
such as PSD-95 and stops the diffusion of cell surface AMPA receptors at synaptic sites (Opazo
et al.,, 2010). Together these results suggest that ghrelin receptor activation induces the
synaptic delivery of GluA1-containg AMPARSs by upregulating the number of AMPARs that are
available for synaptic incorporation, via PKA activity and phosphorylation of GluA1 at Ser®™,
Ghrelin-induced stargazin phosphorylation will ultimately lead to receptor trapping at the
synapse. Additionally we found that short-term treatment with the ghrelin receptor agonist
activates the PI3 kinase signaling pathway, in agreement with a previous study in the dentate
gyrus (Chen et al., 2011). PI3 kinase has been implicated in the induction (Opazo et al., 2003)
and expression (Sanna et al., 2002) of LTP in the CA1 hippocampal region, and was found to
be required for AMPA receptor insertion during LTP (Man et al.,, 2003). PI3 kinase is

responsible for a constant supply of PIP3 necessary to ensure PSD-95-mediated clustering of
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AMPARs at the postsynaptic membrane (Arendt et al., 2010). Interestingly, the biochemical
changes triggered by ghrelin in the hippocampus do not occlude further LTP expression. In fact,
LTP expression in organotypic hippocampal slices and delivery of GluA1-containing AMPARs
induced by chemical LTP in hippocampal cultured neurons are both enhanced upon ghrelin
receptor activation. We thus propose that ghrelin receptor activation-triggered signaling acts on
targets that facilitate LTP expression. In conclusion, the present study has provided mechanistic
insights into the synaptic events and molecular cascades that mediate enhanced cognition
produced by ghrelin.

In addition to inducing a robust feeding response through its hypothalamic action,
ghrelin affects other feeding-related behaviors including olfactory function (Tong et al., 2011),
motivational aspects of feeding (Abizaid et al., 2006; Malik et al., 2008), and hippocampal
memory retention (Carlini et al., 2002, 2004; Diano et al., 2006; Atcha et al., 2009; Chen et al.,
2011; Davis et al., 2011). Similarly to what we describe here for the hippocampal action of
ghrelin, it is possible that the effect of ghrelin on other brain regions involves the modulation of

glutamatergic transmission.
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Fig. S1. GHS-R1a localizes preferentially to functional synapses and is developmentally
regulated in the hippocampus. (A) Representative immunofluorescence images of 15 DIV
hippocampal neurons in culture stained for GHS-R1a, PSD-95 and Vglut1.Scale bars represent
5 um. (B) Quantification of the number of clusters per dendritic length that are positive for both
PSD-95 and Vglut1 and of the number of glutamatergic synapses that contain GHS-R1a (PSD-
95/Vglut1/GHS-R1a). n represents the total number of analyzed cells in four independent
experiments. Error bars represent s.e.m. (C) The endogenous GHS-R1a localizes preferentially
to the vicinity of functional synapses. The fraction of synapses containing GHS-R1a was
calculated by evaluating the presence of GHS-R1a at regions of overlap between PSD-95 and
Vglut1 clusters, or at PSD-95 clusters. n represents the total number of analyzed cells in four
independent experiments. Error bars represent s.e.m. The statistical significance was calculated
using the Mann-Whitney test (**P < 0.01). (D) Developmental profile for the expression of GHS-
R1a in hippocampal cultured neurons. GHS-R1a expression levels increase from 7 DIV to 19
DIV, remaining high up to 21 DIV. Tubulin was used as a loading control. The plot represents
the mean intensity of GHS-R1a bands normalized to tubulin, relative to 7 DIV. Error bars
represent s.e.m. The statistical significance was calculated using the Paired t test (*P < 0.05). n
represents the number of independent experiments.
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Fig. S2. Ghrelin receptor activation increases the total fluorescence intensity of PSD-95.
(A,B) Hippocampal neurons 19 DIV were incubated with the ghrelin receptor agonist MK-0677
(1 uM) for 1 h, with the agonist in the presence of the ghrelin receptor antagonist [D-Lyss]-
GHRP-6 (Atg, 100 uM), or with the antagonist (Atg) alone. After fixation, neurons were stained
for PSD-95, Vglut1 and MAP2. Scale bars represent 2 ym. Neurons were analyzed for the PSD-
95 total fluorescence intensity (A) and for the Vglut1 total fluorescence intensity (B) per
dendritic length. Results are expressed as % of control cells, and are averaged from three
independent experiments. Error bars represent s.e.m. The statistical significance was calculated
using the Kruskal-Wallis test (P < 0.0001) followed by the Dunn’s Multiple Comparison test (**P
< 0.01). Comparisons between pairs were performed using the Mann-Whitney test (#P <0.05).n
represents the total number of analyzed cells in independent preparations. (C) Effects of ghrelin
receptor agonist MK-0677 treatment on passive membrane properties of CA1 hippocampal
neurons. Application of MK-0677 to cultured hippocampal slices did not alter input resistance or
holding current, when compared with untreated control neurons. Error bars represent s.e.m.
The statistical significance was calculated using the Mann-Whitney test. n represents the
number of cells.
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Fig. S3. Ghrelin receptor activation increases the chemical LTP-induced delivery of
GluA1-AMPAR to synapses. (A) MK-0677 treatment did not have an effect on the non-
potentiated (unpaired) pathway. Time course of normalized AMPAR-mediated synaptic
responses for the unpaired pathway, before and after LTP induction. For simplicity, each time
point in the plot corresponds to the average of 12 consecutive stimulations (sampling rate: 0.2
Hz). Organotypic slice cultures were incubated in culture medium, or in medium containing the
ghrelin receptor agonist MK-0677 (1 uM, 20 h). Plot shows quantification of average synaptic
potentiation from the unpaired pathway 20-30 min after LTP induction. Error bars represent
s.e.m. The statistical significance was calculated using the Mann-Whitney test. n represents the
number of cells. (B) DIV 19 hippocampal neurons in culture were submitted to the following
stimuli: ghrelin receptor agonlst MK-0677 (1 uM, 20 h), chemical LTP (cLTP; 300 uM glycine for
3 min in the absence of Mg "), cLTP in neurons treated with the ghrelin receptor agonist MK-
0677, or simultaneously with the ghrelin receptor agonist and antagonist [D-Lys ] -GHRP-6 (Atg,
100 uM). Neurons were kept at 37°C for 20 min (without glycine) and were live stained for
GluA1 using an antibody against an extracellular epitope in the GIuA1 N-terminus. After fixation,
neurons were stained for PSD-95, Vglut1 and MAP2. Synaptic GluA1 was defined as the GIluA1
signal overlapping with Vglut1. Scale bars represent 2 um. Neurons were analyzed for the total
GluA1 cell surface fluorescence intensity (C) and for the GIuA1 synaptic cluster fluorescence
intensity (D) per dendritic length. (C,D) Results are expressed as % of control cells, and are
averaged from two independent experiments. Error bars represent s.e.m. The statistical
significance was calculated using the Kruskal-Wallis test (P < 0.0001) followed by the Dunn’s
Multiple Comparison test (*P<0.05 and P***<0.001). Comparlsons between pairs were
performed using the Mann-Whitney test (*P < 0.05, #P < 0.01 and *P < 0.001). n represents
the number of cells.
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Fig. S4. Ghrelin receptor activation in organotypic hippocampal slices activates PKC and
PI3 kinase signaling pathways. Western blot analysis of protein extracts from hippocampal
slices incubated with culture medium or with medium containing the ghrelin receptor agonist
MK-0677 (1 uM) for the indicated periods of time, or with MK-0677 in the presence of the ghrelin
receptor antagonist [D-Lys3]-GHRP-6 (Atg, 100 pM). The primary antibodies detected
phosphorylation of PKC endogenous substrates with an antibody that recognizes a phospho-
Ser PKC substrate motif (A), phosphorylation of Akt at Ser*’® (B), a residue targeted by a PI3
kinase downstream signaling, and phosphorylation of aCaMKIl at Thr®*?®" (C). Total Akt (B)
and total aCaMKII (C) were also detected. Tubulin was used as a loading control in all cases.
The graphs represent the quantification of band intensities relative to control extracts. Error bars
represent s.e.m. The statistical significance was calculated using the Paired t test (*P < 0.05
and P < 0.05). n represents the number of independent experiments.
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Constitutive Activity of GHS-R1a Controls AMPARs-Mediated Transmission

Summary

Ghrelin is a peptide mainly produced by the stomach and released into circulation,
affecting energy balance and memory retention. Herein, we explore the molecular mechanism
underlying the hippocampal action of ghrelin on synaptic plasticity and learning, regarding the
constitutive, ligand-independent activity of the ghrelin receptor. Our data show that blocking of
ghrelin receptor constitutive activity decreases the AMPARs-mediated synaptic transmission in
the hippocampus. Moreover, we show that ligand-independent activation of the ghrelin receptor

triggers the phosphorylation of GluA1 and is developmentally regulated.
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Introduction

Ghrelin is mainly a gastrointestinal hormone (Date et al., 2000a) and is the only
circulating orexigenic factor secreted from a peripheral organ to act on the hypothalamus to
regulate appetite and energy balance (reviewed in Kojima and Kangawa, 2010). The ghrelin
receptor [or growth hormone secretagogue receptor 1a (GHS-R1a)] is a G protein-coupled
receptor (GPCR) with a high degree of constitutive activity (presence of receptor signaling in the
absence of any ligand) in vitro (Holst et al., 2003, 2006; reviewed in Mear et al., 2013). This
ligand-independent binding activity is characteristic of GPCRs, and is particularly well
characterized for serotonin and cannabinoid receptors (reviewed in Aloyo et al., 2010).
Physiological relevance of the constitutive activity of GPCRs is steadily growing (reviewed in
Bond and ljzerman, 2006).

Constitutive signaling from the ghrelin receptor may also be important in vivo in the
control of food intake and body weight, as recently demonstrated (Petersen et al., 2009).
Moreover it has been implicated in a syndrome of short stature and obesity (reviewed in Holst
and Schwartz, 2006). The function of ghrelin receptor constitutive activity in the hippocampus is

largely unknown, however recently it was implicated in limbic seizure (Portelli et al., 2012).

The GHS-R1a receptor was initially found in the hypothalamus and in the pituitary gland
(Howard et al., 1996), and later in the hippocampus (Guan et al., 1997). Consistent with this
expression pattern, ghrelin and its receptor have been related with functions other than those
related to endocrine and metabolic regulation (reviewed in Andrews, 2011). Indeed, in the last
few years several studies have shown that ghrelin increases hippocampal-dependent memory
retention in rodents, upon peripheral and central injection (Carlini et al., 2002, 2004; Diano et
al., 2006; Chen et al., 2011). Moreover, ghrelin deficient mice exhibit decreased novel object
recognition (Diano et al., 2006) and ghrelin receptor knockout mice display impairments in
Morris water maze test (Davis et al., 2011), strongly suggesting that endogenous ghrelin
receptor-mediated signaling has a physiological role in improving hippocampal-dependent
learning and memory. However, despite this strong behavior-based evidence, the molecular

mechanisms that underlie this function are still poorly understood.

Here, we have tested whether blockade of the ghrelin receptor constitutive activity
affects the excitatory synaptic transmission in the hippocampus, which has been consistently
suggested as the main cellular target for learning and memory phenomena, in particular
between CA3 and CA1 pyramidal neurons (reviewed in Lischer and Malenka, 2012). Using
organotypic hippocampal slices, and recording synaptic responses from the CA3-CA1 synapse,
we found that blockade of ligand-independent ghrelin receptor activation decreases the
AMPA/NMDA ratio of synaptic responses. This strongly suggests that ghrelin receptor

constitutive activity is involved in the maintenance of AMPARs-mediated synaptic transmission.
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Moreover, this alteration was accompanied by a decrease in GIuA1 phosphorylation in a residue
involved in AMPARs-synaptic trafficking (serine residue at position 845 of GluA1 intracellular C-
terminus). Finally, the ligand-independent ghrelin receptor activity in the hippocampus appears

to be developmentally regulated.
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Results

Blockade of the Constitutive Activity of GHS-R1a Decreases the AMPARs-
Mediated Synaptic Transmission

High constitutive activity is an intrinsic feature of the ghrelin receptor (Holst et al., 2003,
2006; reviewed in Mear et al., 2013). To evaluate whether the constitutive activity of the ghrelin
receptor affects glutamatergic transmission at the CA3-CA1 hippocampal synapse, we blocked
it with [D-Arg1, D-Phe’, D-Trp7‘9, Leu”]—substance P, a potent inverse agonist for the constitutive
ligand-independent signaling of GHS-R1a (Holst et al., 2003, 2006). 6 DIV organotypic
hippocampal slices were treated with [D-Arg1, D-Phe’, D-Trp7’9, Leu”]-substance P (1 uM) for
20 h, and electrophysiological recordings were performed at 7 DIV. The AMPA/NMDA ratio of
synaptic responses significantly decreased after treatment with the inverse agonist compared
with control neurons (Figure 1A), thus suggesting that the basal activity of the ghrelin receptor in
the hippocampus controls AMPARs-mediated synaptic transmission. To determine whether
ghrelin or other ligands for the ghrelin receptor [given that the minimal sequence required for
binding and activation of GHS-R1a are the first 4 residues of ghrelin (conserved along
mammals) (Bednarek et al., 2000)] in the culture medium could activate the receptor and thus
affect glutamatergic transmission, hippocampal organotypic slices were chronically treated with
the GHS-R1a antagonist [D-Lysa]-GHRP-G (100 pyM) from 3 DIV up to 7 DIV, and
electrophysiological recordings were performed at this stage. We found that AMPA/NMDA ratio
did not change after antagonist treatment compared with control neurons (Figure 1A),
suggesting that the influence of GHS-R1a on AMPARs-mediated synaptic transmission, which
is blocked by the ghrelin receptor inverse agonist, is merely mediated by ligand-independent
signaling of GHS-R1a.

To explore whether ghrelin receptor activation in response to the ligand might affect
AMPARs-mediated synaptic transmission in 7 DIV hippocampal slices, in addition to the
constitutive receptor activity-mediated component that we identified (Figure 1A), 6 DIV
organotypic hippocampal slices were treated with the GHS-R1a agonist MK-0677 (1 uM) for 20
h, and electrophysiological recordings were performed at 7 DIV. The AMPA/NMDA ratio of
synaptic responses did not change after MK-0677 treatment compared with control neurons
(Figure 1B), thus suggesting that the ligand-dependent ghrelin receptor activation is incapable
of further increasing AMPARs-mediated synaptic transmission in the hippocampus, at this stage
of development, in contrast to what was observed for younger hippocampal neurons (Chapter
3).

We further evaluated whether treatment with the GHS-R1a agonist induces the delivery
of new AMPARSs into synapses in 7 DIV hippocampal slices, by expressing GFP-tagged GIluA1

subunit in CA1 neurons. Overexpression of GluA1, with a Sindbis virus expression system,
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leads to the formation of homomeric AMPARs containing the GIuA1 subunit (Hayashi et al.,
2000). These GluA2-lacking receptors are inwardly rectifying (Boulter et al., 1990; Hollmann et
al., 1991; Verdoorn et al., 1991), and therefore their recruitment to the synapse can be
monitored as an increase in the ratio of the evoked post synaptic current at —-60 mV relative to
the current at +40 mV [rectification index; (Hayashi et al., 2000)]. In this system it was
previously shown that newly synthesized GluA1-containing AMPARs are not spontaneously
inserted at synapses, unless driven by strong synaptic stimulation or activation of specific
signaling pathways associated with LTP induction (Hayashi et al., 2000; Boehm et al., 2006).
Organotypic slice cultures were infected with GluA1-GFP at 5 DIV, treated at 6 DIV, and
electrophysiology recordings were performed at 7 DIV. Treatment of organotypic slices with the
GHS-R1a agonist MK-0677 for 20 h did not change the rectification index in uninfected cells
(Figure 1C), indicating that GHS-R1a activation in response to ligand does not alter the intrinsic
rectification properties of endogenous AMPARSs. In striking contrast to what we observed using
younger hippocampal slices (Chapter 3), we found that slice treatment with MK-0677 did not
change the rectification index in neurons that express GluA1-GFP (Figure 1C), suggesting that
ligand-dependent ghrelin receptor activation does not induce synaptic delivery of AMPARSs.
Altogether these findings suggest that ligand-independent signaling through the GHS-R1a
contributes to the basal maintenance of AMPARs-mediated synaptic transmission in the

hippocampus at this stage of development.
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Figure 1. Treatment with an inverse agonist of ghrelin receptor decreases the
AMPA/NMDA ratio in the hippocampus. (A,B) Comparison of evoked synaptic responses in
organotyplc hlppocampal slices treated with the ghrelin receptor inverse agonist [D Arg D-
Phe®, D- Trp , Leu’ ] -substance P (1 uM) for 20 h, with the ghrelin receptor antagonist [D-Lys ]-
GHRP 6 (Atg, 100 pM) chronically, or treated with the ghrelin receptor agonist MK-0677 (1 uM)
for 20 h. Average AMPA/NMDA ratios for inverse agonist-, antagonist-treated and control cells
(A), and for agonist-treated and control cells (B). (C) Voltage-clamp whole cell recordings
obtained in CA1 neurons expressing GIuA1-GFP (Infected cells) and adjacent non-fluorescent
neurons (Uninfected cells). GluA1 synaptic delivery was quantified as an increase in the
rectification index (Rl = l_go/l.40). Average RIs for untreated cells and ghrelin receptor agonist
MK-0677-treated cells (1 pM, 20 h). (A-C) Representative traces appear above the
corresponding bars. Error bars represent s.e.m. The statistical significance was calculated using
the Mann-Whitney test (**P < 0.01). n represents the number of cells. Scale bars: vertical, 50
pA; horizontal, 20 ms.
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Blockade of the Constitutive Activity of GHS-R1a Decreases the
Phosphorylation of GIuA1

Interplay between phosphorylation and dephosphorylation is crucial for controlling
AMPARs surface expression and consequently AMPARs-mediated synaptic transmission
(reviewed in Henley et al., 2011). With this assumption in mind, we evaluated the effect of
blockade of ghrelin receptor constitutive activity on two key events playing an important role in
the trafficking of AMPARs: GluA1 and stargazin phosphorylation. These biochemical changes
were evaluated in whole cell extracts from 7 DIV organotypic hippocampal slices after adding
the GHS-R1a agonist MK-0677 (1 uM) and the GHS-R1a inverse agonist [D-Arg1, D-Phe®, D-
Trp7’9, Leu”]-substance P (1 uM) for 20 h.

1 845 239/240

Phosphorylation of GluA1 at Ser® , and stargazin at Ser were

evaluated with the corresponding phospho-specific antibodies. GluA1 phosphorylation at Ser®®’

and Ser

[a protein kinase C (PKC) or calcium/calmodulin (CaM)-dependent protein kinase Il (CaMKII)
substrate] did not change after incubation with either agonist or inverse agonist (Figure 2A),
while treatment with the inverse agonist significantly decreased phosphorylation in the Ser®? [
protein kinase A (PKA) or cGMP-dependent kinase Il (cGKIl) substrate] residue (Figure 2A).

Additionally, we found that ghrelin receptor agonist treatment did not significantly change the

a

phosphorylation levels of GluA1 in this residue (Figure 2A). These results suggest that the
ligand-independent activity of ghrelin receptor triggers the activation of a signaling pathway
whose substrate is Ser®® in the GIuA1 C-terminus. Because it was found that in hypothalamic
neurons (Kohno et al.,, 2003) and in organotypic hippocampal slices (Cuellar and Isokawa,
2011) the ghrelin receptor is coupled to a Gsa subunit of a G protein this signaling pathway
might be through PKA. Thus, PKA appears to be responsible for the maintenance of a certain

level of GluA1 phosphorylation at Ser®; blockade of the constitutive activity of GHS-R1a with

845 However, at this

the inverse agonist therefore decreases GIuA1 phosphorylation at Ser
developmental stage, the agonist-dependent ghrelin receptor activation is unable to further
increase the phosphorylation levels of GluA1 in these residues. Moreover, treatment with either
agonist or inverse agonist did not change the phosphorylation of stargazin at Ser®%**° (a PKC
or CaMKII substrate) (Figure 2B). Finally, we also analyzed the phosphorylation levels of Akt at
Ser”®, a residue targeted by a PI3 kinase downstream signaling pathway. We did not observe
changes in the phosphorylation of this residue upon incubation with either the agonist or the
inverse agonist of the ghrelin receptor (Figure 2C). Altogether, these observations suggest that
ligand-independent signaling of GHS-R1a triggers the PKA signaling pathway in the

hippocampus, which results in tonic phosphorylation of GluA1 at Ser®*.
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Figure 2. Treatment with an inverse agonist of ghrelin receptor decreases the
phosphorylation of GluA1 in the hippocampus. Western blot analysis of protein extracts
from hippocampal slices incubated with culture medium or medium containinq the ghrelin
receptor agonist MK-0677 (1 uM), or the ghrelin receptor inverse agonist [D-Arg, D-Phe®, D-
Trp™®, Leu'"]-substance P (1 pM) for 20 h. Primary antibodies detected phosphorylation of
GluA1 at Ser®™ and at Ser®® (A), phosphorylation of stargazin at Ser?®¥/240 (B) and
phosphorylarion of Akt at Ser*™ (C), a residue targeted by a PI3 kinase downstream signaling
pathway. Total GluA1 (A) and total Akt (C) were also detected. Tubulin was used as a loading
control in all cases. The graphs represent the quantification of band intensities relative to control
extracts. Error bars represent s.e.m. The statistical significance was calculated using the Paired
t test (*P < 0.05 and **P < 0.01). n represents the number of independent experiments.

106



Constitutive Activity of GHS-R1a Controls AMPARs-Mediated Transmission

Constitutive Activity of GHS-R1a is Developmentally Regulated

We also evaluated whether the ligand-independent signaling of GHS-R1a is
developmentally regulated in the hippocampus. Organotypic hippocampal slices (2 or 3 DIV)
were treated with the GHS-R1a inverse agonist [D-Arg1, D-Phe®, D-Trp7’9, Leu”]-substance P (1
pM) for 20 h, and whole cell extracts were prepared. We observed that, in opposition to what
was seen for 7 DIV slices (Figure 2A), treatment with the inverse agonist did not affect the

845 (Figure 3A). Moreover, at this developmental stage

phosphorylation levels of GluA1 at Ser
the agonist-dependent activation of GHS-R1a resulted in an increase on the phosphorylation of
GluA1 at Ser®® (Figure 3A). These observations suggest that from 3 DIV up to 7 DIV there is an
alteration in the ghrelin receptor-mediated signaling in the hippocampus. In younger stages of
development, ghrelin receptor-mediated signaling affects AMPAR-mediated responses upon
receptor activation by the ligand (Chapter 3), while later in development the constitutive activity
of the ghrelin receptor seems to play a role in regulating AMPAR activity and GIuA1

phosphorylation at the Ser®*®

PKA phosphorylation site.

Finally, we tested whether this alteration is correlated with changes in the expression of
GHS-R1a during the development. GHS-R1a expression levels were evaluated in 3 or 4 DIV
and 7 DIV organotypic hippocampal slices. We observed that GHS-R1a expression levels
significantly decreases during this short time window (Figure 3A), thus suggesting that the
increase in the ligand-independent signaling of GHS-R1a observed at 7 DIV compared to 3-4

DIV is not secondary to an increase on the ghrelin receptor expression levels.
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Figure 3. Treatment with an inverse agonist of the ghrelin receptor does not affect the
phosphorylation in the Ser®” of GluA1 in younger hippocampal slices. (A) Western blot
analysis of protein extracts from hippocampal slices incubated with culture medium or medium
containing the ghrelin receptor agonist MK-0677 (1 uM), or the ghrelin receptor inverse agonist
[D-Arg1, D-Phe”, D-Trp7‘9, Leu”]-substance P (1 uM) for 20 h. The primary antibodies detected
phosphorylation of GluA1 at Ser®® and total GIuA1. The graph represents the quantification of
band intensities relative to control extracts. Tubulin was used as a loading control (B)
Developmental profile for the expression of GHS-R1a in organotypic hippocampal slices. GHS-
R1a expression levels decrease from 3,4 DIV to 7 DIV. The plot represents the mean intensity
of GHS-R1a bands normalized to tubulin, relative to 3,4 DIV. (A,B) Error bars represent s.e.m.
The statistical significance was calculated using the Paired t test (*P < 0.05 and **P < 0.01). n
represents the number of independent experiments.

Constitutive Activity of GHS-R1a is Involved in the Developmental

Acquisition of AMPAR-Mediated Synaptic Transmission

Anatomical and electrophysiological experiments show that central excitatory synapses
initially display NMDARs and subsequently mature by acquiring AMPARs (Durand et al., 1996;
Wu et al., 1996; Isaac et al.,, 1997; Nusser et al., 1998; Petralia et al., 1999). It is well
established in the hippocampus (Durand et al., 1996; Hsia et al., 1998; Zhu and Malinow, 2002)
and in other brain regions (Wu et al., 1996; Isaac et al., 1997) that the ratio of synaptic AMPARs
responses to synaptic NMDARs responses increases rapidly during the first postnatal week,
with little change during the second week. In agreement, we found that in untreated organotypic
hippocampal slices there is a significant increase in AMPA/NMDA ratio of synaptic responses

after 3—4 days in culture (Figure 4). However, this developmental increase in AMPARSs synaptic
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responses is completely blocked by the ghrelin receptor inverse agonist (Figure 4). 7 DIV
organotypic hippocampal slices after treatment with the ghrelin receptor inverse agonist [D-Arg1,
D-Phe®, D-Trp7‘9, Leu”]—substance P (1 uM) for 20 h have the same phenotype as 3 or 4 DIV
slices. Thus, suggesting that the ligand-independent signaling of GHS-R1a, eventually
triggering GIluA1 phosphorylation, controls the maturation of excitatory circuits in the
hippocampus, in particular the acquisition of developmentally-dependent AMPARs-mediated

synaptic transmission.

Control Control Inverse
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L L L
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Figure 4. Treatment with an inverse agonist of the ghrelin receptor decreases the
AMPA/NMDA ratio during development in the hippocampus. Comparison of evoked
synaptic responses in untreated organotypic hippocampal slices with 3 or 4 DIV and 7 DIV and
7 DIV organotypic hippocampal slices treated with the ghrelin receptor inverse agonist [D-Arg1,
D-Phe®, D-Trp ®, Leu”]-substance P (1 uM) for 20 h. Average AMPA/NMDA ratios for untreated
and inverse agonist-treated cells. Representative traces appear above the corresponding bars.
Error bars represent s.e.m. The statistical significance was calculated using the Mann-Whitney
test (**P < 0.01 and ***P < 0.001). n represents the number of cells. Scale bars: vertical, 50 pA;
horizontal, 20 ms.
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Discussion

The role of ghrelin in hippocampal-dependent cognition is very well established. It was
demonstrated that when ghrelin is peripherally or centrally administered there is an
improvement in the performance of rodents in hippocampal-dependent behavior tests (Carlini et
al., 2002, 2004; Diano et al., 2006; Chen et al., 2011). On the other hand, ghrelin knockout mice
showed impaired performance in novel object recognition test (Diano et al., 2006) and ghrelin
receptor knockout mice displayed impairments in the Morris water maze test (Davis et al.,
2011), thus strongly suggesting a role for ghrelin receptor-mediated signaling in modulating

hippocampal-dependent memory.

Although the function of ghrelin as a cognitive enhancer is well documented, the
molecular mechanisms that underlie this function are still poorly understood. To address this
question and given the particularly high constitutive activity of the ghrelin receptor (Holst et al.,
2003, 2006), we evaluated the effect of ghrelin receptor constitutive activity blockade on the
AMPARs-mediated synaptic transmission, as well as on the phosphorylation of GluA1. We
found that upon blocking ligand-independent activation of ghrelin receptor there is a decrease in
the AMPA/NMDA ratio of synaptic responses recorded at the CA3-CA1 synapse in organotypic
hippocampal slices, thus suggesting a decrease in AMPARs-mediated synaptic transmission.
Moreover, these changes were correlated with a decrease in the phosphorylation of GIuA1, in
the Ser®”® residue. These data suggest that ligand-independent activity of the ghrelin receptor
triggers activation of signaling pathway(s), which are essential to maintain GIluA1
phosphorylation (which occurs in control conditions), necessary for AMPARs synaptic
trafficking. Hence, in the presence of the ghrelin receptor inverse agonist, the phosphorylation
of GluA1 mediated by activation of ghrelin receptor agonist-independent signaling is decreased,

resulting in depression of AMPARs-mediated synaptic transmission.

Furthermore, we found that the ligand-independent contribution of the ghrelin receptor
mediated-signaling to GluA1 phosphorylation is developmentally regulated. At younger stages
of development, ligand-dependent ghrelin receptor activation increases the phosphorylation of
GluA1, whereas the ligand-independent activity does not contribute for the overall GluA1
phosphorylation. On the contrary, at older stages of development, the ghrelin receptor
activation, by ligand application, does not affect the phosphorylation of GluA1, which is
decreased upon blockade of the ghrelin receptor constitutive activity. These results suggest that
the agonist-independent component of ghrelin receptor-mediated signaling increases during
development, at least when monitored through its effects on the phosphorylation levels of a
PKA substrate (Ser845). Of particular interest, we report for the first time that the constitutive
activity of GHS-R1a is required for the maintenance of AMPARs-mediated synaptic

transmission in the hippocampus.
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The number of GPCRs displaying constitutive activity with clear physiological
implications is not vast, but it is steadily growing (reviewed in Bond and ljzerman, 2006). In the
particular case of the ghrelin receptor, it has been proposed that selective loss of ghrelin
receptor constitutive activity causes a syndrome of short stature and obesity (reviewed in Holst
and Schwartz, 2006). Recently, it was also found that the blockade of ghrelin receptor
constitutive activity in the hippocampus leads to attenuation of limbic seizures in vivo and
epileptiform activity in vitro, suggesting that the inverse agonist for the ghrelin receptor is
capable of exerting anticonvulsant effects (Portelli et al., 2012), and showing that the ghrelin

receptor constitutive activity is relevant in the hippocampus.

Holst and co-workers found in an heterologous system that transfection of GHS-R1a
resulted in a dose-dependent stimulation of the cAMP-responsive element (CRE) (Holst et al.,
2003, 2004). Moreover, it was found that intracerebroventricular injection of [D-Arg1, D-Phe®, D-
Trp”®, Leu'"]-substance P in rodents inhibited food intake, preventing the body weight gain
observed in control groups (Petersen et al., 2009). Additionally, these authors found that the
blockade of the ghrelin receptor constitutive activity decreases the phosphorylation of CRE-

binding protein (CREB) in a hypothalamic cell line (Petersen et al., 2009).

Since CREB is a major substrate for PKA (reviewed Sands and Palmer, 2008), and the
evidence suggesting that ghrelin receptor is coupled to a Gga subunit of a G protein in
hypothalamus and hippocampus (Kohno et al., 2003; Cuellar and Isokawa, 2011), these results
suggest that blocking ghrelin receptor constitute activity inhibits the PKA signaling pathway in
the hippocampus. However, it is impossible to rule out the involvement of downstream kinases
of the Ggqs1a-mediated signaling pathway, such as Ca”'/calmodulin kinase IV (CaMK V) or
protein kinase C (PKC), which were also implicated in CREB phosphorylation (Matthews et al.,
1994; Singh et al.,, 2001). These observations suggest that it may be worth to investigate

845 However,

whether CaMK 1V is capable to phosphorylate the GluA1 C-terminus in the Ser
these results also suggest that the effect of blocking ghrelin receptor constitutive activity with
the inverse agonist [D-Arg’, D-Phe®, D-Trp"®, Leu'"]-substance P in the hippocampus, in the
presence of a selective inhibitor of G410 type of G proteins (Takasaki et al., 2004), should be
investigated. These experiments would demonstrate categorically whether it is the PKA

signaling which is being triggered by ghrelin receptor agonist-independent signaling.

Activation of PKA is very well established as a relevant factor for synaptic insertion of
AMPARs. Esteban and co-workers found that PKA activity is necessary for the synaptic
incorporation of GluA1 triggered by CaMKII activation (Esteban et al., 2003), thus suggesting
that phosphorylation of GIuA1 by PKA is necessary but not sufficient for its synaptic
incorporation. It has been suggested that AMPARs are inserted into the plasma membrane in
the soma or dendrites at extrasynaptic sites (Passafaro et al., 2001; Adesnik et al., 2005;

Yudowski et al., 2007; Lin et al., 2009), followed by their incorporation into synapses. Oh and
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co-workers further demonstrated the importance of PKA activity and phosphorylation of Ser®”in
synaptic trafficking of AMPARs. They found that in response to forskolin/rolipram application
(which elevates the endogenous cAMP by stimulating its production with the adenylate cyclase
activator, forskolin, and preventing its degradation by the phosphodiesterase inhibitor, rolipram)
AMPARSs specifically traffic to extrasynaptic sites (Oh et al., 2006). This extrasynaptic trafficking
occurs in the presence of the NMDARs antagonist AP5 and strongly correlates with the
phosphorylation state of Ser® in the GIUA1 subunit, indicating that the trafficking to
extrasynaptic sites is not NMDAR-dependent (Oh et al., 2006). Moreover, co-activation of cCAMP
signaling and synaptic NMDARs enhances the incorporation of AMPARSs into synapses (Oh et
al., 2006). Thus, Ser®® phosphorylation primes AMPARs for synaptic potentiation by trafficking
them to extrasynaptic sites, possibly followed by synaptic incorporation requiring synaptic
activity (e.g., NMDARs activity) (Oh et al., 2006).

Here we showed that when the ligand-independent ghrelin receptor activity is blocked in
7 DIV hippocampal slices there is a decrease in the AMPA/NMDA ratio of synaptic responses,
suggesting that in the absence of the constitutive GHS-R1a signaling there is a depression in
the AMPARs-mediated synaptic currents. This alteration is paralleled by a decrease in the

phosphorylation of Ser®®

. Thus we hypothesize that ligand-independent activation of ghrelin
receptor-mediated signaling (through PKA activation) contributes for the maintenance of the
critical pool of extrasynaptic GluA1-containing AMPARs, which upon synaptic activity are
synaptically inserted. Hence, in the presence of the ghrelin receptor inverse agonist, comparing
with the control conditions (where the PKA is being activated by GHS-R1a constitutive activity),
there is a decrease in GluA1 phosphorylation, which consequently disrupts GluA1 trafficking to

extrasynaptic sites and causes depression of AMPARs-mediated synaptic currents.

The cAMP-dependent activation of PKA upon ligand-dependent ghrelin receptor
activation had already been demonstrated in the hippocampus (Cuellar and Isokawa, 2011),
suggesting that in the hippocampus this type of GPCR is coupled to the G;a type of G proteins.
Here we also suggest, for the first time in this region, that the constitutive activity of the ghrelin
receptor might be also coupled to the activation of PKA, probably via cAMP production,
consistent with what happens in an heterologous system (Holst et al., 2003, 2004) and in an
hypothalamic cell line (Petersen et al., 2009). However, this observation needs further

experimental validation.

Here we also showed that this regulation of PKA activity via agonist-independent ghrelin
receptor activation is developmentally regulated in the very short, but critical, time window from
3 DIV up to 7 DIV. This suggests an involvement of the constitutive activity of ghrelin receptor in
the development of excitatory circuits in the hippocampus. It has been suggested that the
AMPA/NMDA ratio of synaptic responses increases rapidly during the first postnatal week, with

litle change during the second week (Durand et al., 1996; Hsia et al., 1998; Zhu and Malinow,
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2002). NMDARs activity is essential for the rapid delivery of AMPARSs in glutamatergic synapses
during development (Zhu and Malinow, 2002). Hence, ligand-independent activation of the
ghrelin receptor may increase the phosphorylation of GIuA1 at Ser®®”, increasing the trafficking
of GluA1-containing AMPARSs to extrasynaptic sites. Further activation of NMDARSs will promote
synaptic insertion, with consequent increase in the AMPA/NMDA ratio. These observations
suggest a role for the constitutive activity of the ghrelin receptor in increasing the AMPARSs-

mediated synaptic currents during this critical period of development.

We also showed that this apparent increase in the constitutive activity of the ghrelin
receptor is not correlated with an increase in the expression of the ghrelin receptor. Indeed, we
observed a decrease in the expression of the ghrelin receptor within the period analyzed. It has
been proposed that the heterodimerization of the ghrelin receptor with its truncated form (GHS-
R1b) attenuates its constitutive activation due to a decrease in cell surface expression (Leung et
al., 2007; Chow et al., 2012). In addition, heterodimerization with other GPCRs was also
observed. For instance, it was found that the vast majority of GHS-R1a expressing neurons in
the arcuate nucleus (ARC) also express melanocortin-3 receptor (MC3R) (Rediger et al., 2009).
Rediger and co-workers observed that the basally active conformation of GHS-R1a increases
the capacity of MC3R for Gga activation and cAMP accumulation after melanocyte stimulating
hormone (MSH) binding. In an heterologous system the interaction of GHS-R1a with MC3R
results in hyper-stimulation of the MSH-induced cAMP signaling pathway, an effect which is
blocked by increasing amounts of [D-Arg1, D-Phe®, D-Trp7’9, Leu”]-substance P (Rediger et al.,
2009). These observations suggest that the constitutive activity of the ghrelin receptor might
modulate the functional properties of a second GPCR in a dimmer with it. Heterodimerization of
ghrelin receptor with other GPCRs in the hippocampus is completely unknown. Our study
suggests that it may be worth to investigate whether the presence of ghrelin receptor
heterodimers in the hippocampus, and whether these heterodimers affect the cAMP-dependent

signaling pathways, in particular during development.

In conclusion, this study gives new molecular insights into how the ghrelin receptor
modulates hippocampal-dependent glutamatergic transmission. In particular, our data suggest
that the ligand-independent activity of the ghrelin receptor, through phosphorylation of GluA1,

has a role in maintaining a population of phosphorylated GluA1-containing AMPARSs.
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Changes in AMPARs and Stargazin Phosphorylation upon Ghrelin
Receptor Activation — a Mechanism for the Potentiation of AMPARs-

Mediated Synaptic Transmission

Here, we report that the activation of GHS-R1a with the agonist MK-0677 significantly
increases the phosphorylation of serine residues 831 (Ser831) and 845 (Ser845) in the C-terminal
region of GIluA1. Moreover, we also found that ghrelin receptor activation increases the
phosphorylation of the AMPARs-associated protein stargazin, and the activation of PKC and

P13 kinase signaling pathways.

These alterations were paralleled by changes in the trafficking of endogenous GIuA1-
containing AMPARs and homomeric GIuA1-GFP AMPARs, causing enhancement of excitatory
synaptic transmission (when assessed by the ratio of AMPA/NMDA of synaptic responses).
Because the NMDA/GABA ratio of synaptic responses was not changed, we believe that GHS-
R1a activation produces a functional change at excitatory CA1 synapses, specifically an

increase in AMPARs-mediated synaptic transmission.

Moreover, we also found that GHS-R1a activation, upon application of MK-0677,
dramatically enhanced NMDARs-dependent LTP expression in the CA3-CA1 synapse of the
hippocampus, and increased the NMDARs-triggered delivery of endogenous GluA1-containing
AMPARSs to synaptic sites, when assessed in a neuronal culture model of LTP. These findings
suggest that GHS-R1a activation in the hippocampus increases the GluA1-containing AMPARSs

delivery to synapses, thus facilitating the expression of LTP-like events.

According to the literature, two major events are required for GluA1-containing AMPARSs
synaptic insertion: extrasynaptic insertion followed by synaptic clustering upon NMDARSs
activation. Similarly, taking our results in consideration we herein propose that GHS-R1a
activation increases the extrasynaptic delivery of AMPARs, which by the ongoing NMDARs-
mediated synaptic activity are later synaptically inserted, enhancing AMPARs-mediated
synaptic transmission in the hippocampus. Two major findings support this hypothesis: i) GHS-
R1a activation increases the phosphorylation of GIuA1 and stargazin and ii) the increase in
GluA1-GFP synaptic insertion is blocked by inhibition of both NMDARs and cell spontaneous

activity.

Hence, GHS-R1a activation in the CA1 region of the hippocampus increases the

phosphorylation of Ser®*®

in the GluA1 C-terminus, eventually through activation of PKA. It was
previously found that in the hippocampus the GHS-R1a is coupled to activation of this signaling
pathway, through the production of cAMP (Cuellar and Isokawa, 2011). Additionally, it might
also increase the phosphorylation of Ser®® and Ser®'® in the GluA1 C-terminus (although, we

have not directly assessed the phosphorylation in these two residues, we observed an increase
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in the PKC signaling pathway, which is responsible for their phosphorylation). These
biochemical alterations, as already reported (Ehlers, 2000; Esteban et al., 2003; Lee et al.,,
2003; Boehm et al., 2006; Oh et al., 2006; Lin et al., 2009), are necessary for GluA1-containing
AMPARSs trafficking, in particular for trafficking to extrasynaptic sites (Oh et al., 2006; Lin et al.,
2009). However, these changes are not sufficient for the synaptic clustering of GluA1-containing
AMPARSs, which only occurs upon NMDARs-activation (Esteban et al., 2003; Oh et al., 2006).

It has been proposed that NMDARs-mediated activity is necessary for the synaptic
recruitment of CaMKIIl. Once in the PSD, CaMKIl phosphorylates the AMPARs-auxiliary protein
stargazin, facilitating its binding to PSD-95, thereby indirectly stabilizing GluA1-contanining
AMPARSs (Opazo et al., 2010). In line with this idea, once in extrasynaptic sites, these receptors
might be synaptically immobilized by CaMKII-mediated activity. On the other hand, it was found
that under spontaneous activity CaMKIl is also present at the synapse, in a NMDARs-
dependent manner (Bayer et al., 2006). Hence, as mentioned above, the GHS-R1a activation
promotes the extrasynaptic insertion of GluA1-containing AMPARs, which by the ongoing
NMDARs-mediated synaptic activity are later synaptically inserted, satisfying the requirement

for spontaneous activity and NMDARs-mediated activity.

Additionally, GHS-R1a activation might also directly modulate this final step of synaptic
insertion (or stabilization at the synapse) of GluA1-containing AMPARs. We observed that upon
agonist application there is a significant increase in the phosphorylation of the AMPARs-
auxiliary protein stargazin, in two residues that are substrate for PKC, in addition to CaMKII
(Tomita et al., 2005b). Additionally, we also observed an increase in the activation of PKC
signaling pathway, thus suggesting that PKC is the signaling pathway responsible for stargazin
phosphorylation upon GHS-R1a activation in the hippocampus here observed. These
observations suggest that through phosphorylation of stargazin GHS-R1a activation may also
increase synaptic clustering of GluA1-contanining AMPARs which are anchored by stargazin
and PSD-95.

One last observation suggests an additional mechanism for the role of GHS-R1a in the
synaptic immobilization of AMPARs. We also found that GHS-R1a activation, upon treatment
with the agonist MK-0677, significantly increased the phosphorylation of Akt in the serine
residue 473 (Serm), a residue targeted by a PI3 kinase downstream effector, suggesting an
increase in the PI3 kinase signaling pathway. This is in agreement with Chen and co-authors
who found that infusion of ghrelin into the dentate gyrus increased phosphorylation in this
residue, in a time dependent-manner (Chen et al., 2011). It is well established that PI3 kinase
cascade regulates the induction (Opazo et al., 2003) and/or expression of LTP (Sanna et al.,
2002), being required for AMPARs synaptic insertion (Man et al., 2003). It was proposed that
PI3 kinase, by means of its association with AMPARs (Man et al., 2003), is responsible for a

constant supply of PIP3 necessary for the acumulation of PSD-95 at spines, therefore
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preventing GluA1-containing AMPARs dispersion into the neighboring extrasynaptic
membranes of the spine (Arendt et al., 2010). In agreement with this idea, upon GHS-R1a
activation we also observed an increase in the total intensity of PSD-95 clusters. An increase in
the levels of PSD-95 might be necessary to sustain the increase of GluA1-containing AMPARSs

at the synaptic sites.

Interestingly, these biochemical changes and consequent basal AMPARs-mediated
synaptic transmission potentiation do not saturate (or occlude) further LTP expression. In fact,
LTP expression in organotypic hippocampal slices and delivery of GluA1-containing AMPARs
induced by chemical LTP in hippocampal cultured neurons are both enhanced upon GHS-R1a
activation. Indeed, we found that GHS-R1a activation and chemical LTP induction may activate
different signaling cascades (or its activation does not saturate or occlude the signaling
pathways triggered by NMDARs activation), because the fluorescence intensity of synaptic
GluA1 surface clusters in hippocampal neurons treated with the GHS-R1a agonist MK-0677,
and pre-treated with the agonist and subjected to chemical LTP induction were significantly

different.

These considerations lead us to propose a model (Figure 1) in which ghrelin receptor
activation triggers signaling pathways which act on targets that facilitate LTP expression. It has
been suggested that GluA1 phosphorylation plays a critical role in the expression of LTP, but
not in its induction, because LTP is not completely absent in the double phosphomutants for
GluA1 Ser®™® and Ser®®' phosphorylation sites (Lee et al., 2003). Synaptically inserted AMPARSs
require phosphorylation of GIuA1 subunit to stay at the synapse (Lee et al., 2003). In the
presence of the ongoing neuronal activity, in particular NMDARs-mediated activity, ghrelin
receptor activation, which increases AMPARs and stargazin phosphorylation, enhances
synaptic clustering of AMPARs (and its stabilization at the synapses), therefore causing
potentiation of AMPARs-mediated synaptic responses. This strengthening of excitatory

connections may in turn facilitate the expression of LTP-like events.
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Figure 1. Model of excitatory synaptic transmission enhancement mediated by ghrelin
receptor (GHS-R1a) activation. The GHS-R1a is localized postsynaptically in the vicinity of
glutamatergic synapse, therefore in a strategic position to modulate the glutamatergic synaptic
transmission. Ghrelin receptor activation triggers PKA and PKC signaling pathways which
phosphorylate GluA1 C-terminus in the residues Ser®®”®, Ser®® and Ser®®. These biochemical
alterations cause GluA1-containing AMPARSs trafficking to extrasynaptic sites. At basal state,
GluA1-containing AMPARs are highly mobile at neuronal surface. However, upon NMDARs
activation, Ca®*/CaM activates CaMKI| inducing its synaptic insertion. CaMKIlI phosphorylates
the AMPARSs auxiliary protein stargazin (TARP) facilitating its binding to PSD-95 and synaptic
retention, thereby indirectly stabilizing GluA1-containing AMPARs at synapses. Two other
events facilitate GluA1-containing AMPARs synaptic insertion. GHS-R1a activation might
directly mediate: i) stargazin phosphorylation (through PKC-mediated activity) and ii) PSD-95
synaptic clustering, necessary to sustain the increase in AMPARSs synaptic insertion (through
PI3 kinase-mediated activity). Altogether these biochemical alterations facilitate the GluA1-
containing AMPARSs synaptic insertion upon phenomena of synaptic plasticity, such as long-
term potentiation and chemical long-term potentiation. [Adapted from (Santos et al., 2009)].

The Effect of GHS-R1a Activation on AMPARs-mediated Synaptic
Transmission is Developmentally Regulated

We found that the effect of GHS-R1a activation with the agonist is lost in older
organotypic hippocampal slices, i.e., at 3 or 4 DIV agonist-dependent activation of GHS-R1a
increases the AMPARs-mediated synaptic transmission, whilst at 7 DIV agonist-dependent
activation of GHS-R1a is incapable of affecting AMPARs-mediated synaptic transmission (and
the trafficking of GIuA1-GFP homomeric AMPARs to synaptic sites). Moreover, we also
observed that at 7 DIV blockade of the constitutive activity of GHS-R1a depresses
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glutamatergic synaptic transmission (when assessed by the ratio of AMPA/NMDA of synaptic
responses). At this stage we cannot rule out the possibility of an increase in the NMDARs-
mediated currents, but these results suggest that most probably upon blockade of ligand-
independent GHS-R1a-mediated signaling there is a decrease in the AMPARs-mediated
synaptic transmission in older slices. Our assumption is further validated by the fact that
depression in glutamatergic synaptic transmission was paralleled by a decrease in

phosphorylation of Ser® in GluA1 C-terminus.

Our findings suggest that from 3 or 4 DIV up to 7 DIV there is a dramatic change in the
effect of GHS-R1a-mediated signaling on AMPARs-mediated synaptic transmission. In other
words, at 3 or 4 days in culture the effect of GHS-R1a activation on AMPARs-mediated synaptic
transmission is dependent on GHS-R1a activation by the ligand, whilst at 7 days in culture the
effect of GHS-R1a activation on AMPARs-mediated synaptic transmission appears to be
mediated by the constitutive activity of the receptor. To the best of our knowledge, this change
in the activation pattern of a GPCR during development, with consequences on glutamatergic
synaptic transmission, has never been reported. Nevertheless, one important experiment that
we have not yet performed is to test the effect of GHS-R1a constitutive activity blockade on

AMPARs-mediated synaptic transmission in younger slices.

Another observation further supports this model. We found that blockade of GHS-R1a
constitutive signaling at older slices decreases the phosphorylation of Ser® in the GIuA1 C-
terminus (suggesting a decrease in the PKA signaling pathway), without affecting any of the
other signaling pathway which we observed to be increased in younger slices upon treatment
with the GHS-R1a agonist. Additionally, we found that agonist application to older slices is
incapable of further increasing these signaling pathways (PI3 kinase, PKC - through its
substrates GIuA1 and stargazin). These results suggest that the constitutive and ligand-
dependent activity of GHS-R1a are regulated during development in the hippocampus, and
accompanied by activation of different signaling pathways. These alterations might be related
with structural modifications of the receptor, because the constitutive activity of GHS-R1a
appears to be related with structural aspects of the receptor (Holst et al., 2004). In addition, it
may depend on its heterodimerization with its truncated splicing form (GHS-R1b), which seems
to limit its surface expression, attenuating its constitutive activation (Leung et al., 2007; Chow et
al., 2012); or with other GPCRs differentially expressed in the hippocampus throughout
development and which might change its signaling properties (e.g., Rediger et al., 2009). These
observations suggest that it may be worth investigating the presence of ghrelin receptor
heterodimers in the hippocampus, and whether these heterodimers affect the signaling

pathways of GHS-R1a in the dimer.

The enhancement of AMPARs-mediated synaptic transmission induced by ligand-

dependent activation of GHS-R1a (discussed in detail above), which occurs in younger slices,
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and the requirement of GHS-R1a constitutive activity for the maintenance of glutamatergic
synaptic transmission, which occurs in older slices, not only highlight the importance of ghrelin-
receptor mediated signaling in glutamatergic synaptic transmission in the hippocampus, but also
suggest the involvement of the GHS-R1a-mediated signaling in the development of excitatory
circuits in the hippocampus. It has been suggested that the AMPA/NMDA ratio of synaptic
responses increases rapidly during the first postnatal week, with little change during the second
week (Durand et al., 1996; Hsia et al., 1998; Zhu and Malinow, 2002). NMDARs activity is
essential for the rapid delivery of AMPARSs in glutamatergic synapses during development (Zhu
and Malinow, 2002). Thus, initially, agonist-dependent GHS-R1a activation could increase the
trafficking of GluA1-containing AMPARs to extrasynaptic sites, which are later synaptically
inserted by NMDARSs activation. Later in development, this mechanism of GHS-R1a might lose
significance, and in turn the ligand-independent GHS-R1a activity is increased. Despite being a
very short time window (3-7 DIV), this period is essential for the development of excitatory
circuits in the hippocampus. In agreement with this role of GHS-R1a-mediated signaling in the
modulation of glutamatergic synaptic transmission, we observed that GHS-R1a is
developmentally regulated either in hippocampal cultures or in hippocampal slices. Consistent
with this, a crucial experimental confirmation to demonstrate the involvement of both agonist-
dependent and agonist-independent GHS-R1a activation in the modulation of hippocampal

glutamatergic synaptic transmission in adult animals is still missing.

Finally, as indicated above, we observed a decrease in the phosphorylation levels of
GluA1 at Ser®”® upon blockade of the GHS-R1a constitutive activity. This down-regulation of
GluA1 phosphorylation leads to depression of glutamatergic synaptic transmission (when
assessed by the ratio of AMPA/NMDA of synaptic responses). We did not evaluate whether this
depression is due to a decrease in the trafficking to extrasynaptic sites or due to an increase of
GIluA1 endocytosis, similarly to what happens during LTD, which is associated with

ephosphnorylation a er ee et al., .
dephosphorylation at Ser®®® (Lee et al., 2000

Life Without Ghrelin

A ghrelin knockout (KO) mice was produced, and its phenotype was examined (Sun et
al., 2003; Wortley et al., 2004). Ghrelin knockout mice showed normal size, growth rate, food
intake, body composition, reproduction, and gross behavior, without any pathological changes.
Because survival is more acutely threatened by starvation than obesity, it is not surprising that
an orexigenic-peptide-null mouse showed no change in food intake and body weight (reviewed
in Kojima and Kangawa, 2005). However, the ghrelin-null mouse did not exhibit increased
exploration time of the novel object, suggesting an impairment in their memory of the previous
objects (Diano et al., 2006). Thus suggesting that endogenous ghrelin has a physiological role

in improving learning and memory performances.
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Mice lacking GHS-R1a (GHS-R1a-KO mice) do not show the typical increases in GH
release and food intake upon ghrelin administration, indicating that GHS-R1a is indeed the
primary biologically relevant ghrelin receptor (Sun et al., 2004). Growth and development of
GHS-R1a-KO mice are normal, and their appetite and body composition do not differ from those
of their wild-type littermates (Sun et al., 2004). However, in agreement with the ghrelin KO mice,
Davis and co-workers found that GHS-R1a-KO mice displayed impairments in Morris water

maze test.

This suggests that GHS-R1a-mediated signaling is not a critically required orexigenic
factor, and may be more important for the regulation of higher brain functions, namely
hippocampal-dependent learning and memory performance, as indicated by the behavioral
tests. Patients after gastric bypass lose their weight, and their circulating ghrelin levels decrease
to levels close to the detection limit (Cummings et al., 2002b). Moreover, plasma ghrelin levels
in subjects who underwent gastric bypass did not oscillate between meals and were markedly
lower than those of both lean controls and matched obese controls, altogether confirming that
the stomach is the main site of ghrelin production (Cummings et al., 2002b). These findings
suggest that detailed analysis of the cognitive capacity of patients who underwent the gastric

bypass surgery would be essential for the clarification of this arising idea.

Cues for Future Research

Ghrelin and cognition

A great number of cognitive tests on laboratory rodents and nonhuman primates are
often carried out after food deprivation or fasting, metabolic states that are paralleled by
elevated levels of circulating ghrelin. In agreement with this idea, caloric restriction, which
results in an increase in the transport of ghrelin across the blood-brain barrier (BBB) (Banks et
al., 2008) and in the circulating levels of ghrelin in mice (60% of caloric restriction for 10 days,
causing a four-fold increase; Lutter et al., 2008), decreases aging-related deficiencies in
cognitive processes in elderly humans (30% caloric resctriction for 3 months; Witte et al., 2009),
whilst increasing learning consolidation and facilitating synaptic plasticity in mice [feeding the
animals in alternate days for 6-8 months — long-term intermittent fasting diet (L-IFD); Fontan-
Lozano et al., 2007].

On the other hand, high-fat and high-glucose diets, which inhibit ghrelin secretion (Beck
et al., 2002; Lomenick et al., 2009) and the transport of ghrelin across the BBB (Banks et al.,
2008), impair hippocampus-dependent synaptic plasticity and spatial memory (Wu et al., 2003;
Stranahan et al., 2008). These models, interfering physiologically with ghrelin circulating levels,
would be a great way of validating in vivo the assumption that triggering of GHS-R1a-mediated
signaling increases the trafficking of AMPARSs, thus leading to the potentiation of glutamatergic

synaptic transmission and ultimately cognitive enhancement.
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Grayson and co-workers compared the effect of caloric restriction and of two different
types of bariatric surgery (gastric bypass and gastrectomy) in rats on hippocampal-dependent
cognitive function (Grayson et al., 2013). Bariatric surgery is the most effective means of
producing weigh loss that is sustained over many years (Sjostrom et al., 2004). While gastric
bypass was associated, in all behavior paradigms tested (Morris water maze test, 8-arm radial
maze task and 4-arm maze task), with an improvement in the performance compared with
obese animals, animals subjected to gastrectomy showed an improvement only in the 8-arm
radial maze task (Grayson et al., 2013). Unexpectedly, animals subjected to gastrectomy
exhibited a significant cognitive deficit when compared with obese animals, when assessed by
the Morris water maze test (Grayson et al., 2013). Moreover, they found that 30% of caloric
restriction improved behavioral performance in the 8-arm radial maze task (for 8 days) and in
the Morris water maze test (for 22 days), comparing with obese animals (Grayson et al., 2013).
The authors also measured the circulating levels of ghrelin. They observed the lowest levels in
the animals subjected to gastrectomy, and an increase in the animals subjected to caloric
restriction (Grayson et al., 2013), in agreement with what have been described for humans
subjected to this surgery (Leonetti et al., 2003) and with another protocol of caloric restriction in
rodents (Lutter et al., 2008). Unexpectedly, they found an increase of ghrelin circulating levels in
animals subjected to gastric bypass, in disagreement with what is described for humans
(Cummings et al., 2002b). However, the most exciting result came out when the authors
evaluated the correlation between the circulating levels of ghrelin and the performance in the
Morris water maze test. Indeed, they found a positive correlation between the behavior
performance in the Morris water maze test and ghrelin levels, thus suggesting that high levels of
circulating ghrelin are associated with better performances in the Morris water maze test, a
hippocampal memory test-dependent. On the other hand, they found that in the experimental
condition associated with low levels of ghrelin (gastrectomy) there was a deficit of memory in
this behavioral paradigm. Altogether, these observations further support the notion that in

metabolic states associated with high ghrelin levels there is a cognitive enhancement.

Despite the observations mentioned above, suggesting that high ghrelin levels induced
by caloric restriction are paralleled by cognitive enhancement, Carlini and co-workers using a
more severe protocol of caloric restriction in mice (50% for 28 days), found that chronic food
restriction, although increasing ghrelin plasma levels, induced memory deficits as assessed by
the novel object recognition test (Carlini et al., 2008). This observation is in agreement with the
idea that chronic food restriction (like in undernourishment and anorexia) induces impairment of
higher brain functions such as learning and memory in mammals (reviewed in Georgieff, 2007).
However, they observed that the acute central administration (intracerebroventricular) of ghrelin
restores the performance in the animals subjected to this chronic food restriction (Carlini et al.,
2008). This result indicates that central exogenous administration of ghrelin ameliorates the
behavioral performance in mice subjected to a chronic caloric restriction, which is paralleled by

an increase in the plasma ghrelin levels. Thus, despite being present at the periphery, ghrelin is
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unable to act centrally. This might happen because it is not being transported across the blood-
brain-barrier or because it acts through an indirect mechanism (vagus nerve) that is blocked in
this experimental condition. Alternatively, assuming that ghrelin is being transported across the
blood brain barrier, and that it reaches the hippocampus (or indirectly vagus nerve is modulating
its function), it may be that exacerbated levels of ghrelin for a long period impair synaptic
plasticity in the hippocampus, which upon central acute injection of ghrelin is ameliorated. Are
other hormones or other brain regions involved? What happens in different species, since

ghrelin from different organisms seems to have different ability to cross the blood brain barrier?

The answer to these questions is far from being solved. However, the direct link
between the increase in plasma ghrelin levels upon caloric restriction, and the improvement in
the hippocampal-dependent memory performance could be probably easily achieved.
Submitting rodents to a caloric restriction protocol (60% of caloric restriction for 10 days), which
is well described as being able to up-regulate the plasma ghrelin (Lutter et al., 2008), we could
start to confirm the efficiency of this type of protocol to induce learning and memory
improvement (performing behavioral tests in control and food restricted rodents). These
experiments could be repeated when injecting in the hippocampus the ghrelin receptor
antagonist or blocking ghrelin in the serum (conditions that would be expected to block the

effects of caloric restriction on hippocampal-dependent memory performance).

Alternatively, this could be confirmed using ghrelin receptor knockout animals that are
known to display a cognitive deficit. The prediction is that, as opposed to wild-type animals, in
these animals cognitive performances are not improved after caloric restriction. If this prediction
is confirmed, it would prove the requirement of ghrelin receptor, and hence ghrelin, in this

biological paradigm.

Ghrelin and AMPA receptor traffic

After establishing that ghrelin receptor-mediated signaling is required for caloric
restriction-induced memory improvement, this physiological context, which triggers the increase
of ghrelin levels in the plasma, could be used to prove that GluA1-containing AMPARs synaptic
trafficking is required for cognitive enhancement mediated by ghrelin in an in vivo perspective.
Protein biotinylation could be done using hippocampi from rodents subjected to caloric
restriction to assess for an increase in GIuA1 synaptic insertion. Additionally, hippocampal
postsynaptic density fractions could be prepared from animals subjected to the same paradigm
to further identify changes in GIuA1 synaptic trafficking upon increase in the circulating ghrelin.
Moreover, functional properties of the glutamatergic transmission could be assessed by
performing electrophysiological recordings in hippocampal acute slices prepared from animal
subjected to this protocol, evaluating changes in field excitatory postsynaptic currents (fEPSC).

These assays should be conducted in parallel with untreated animals, and with knockout
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animals for ghrelin receptor, to prove unequivocally that the excitatory transmission

enhancement observed is dependent on ghrelin receptor-mediated signaling.

To additionally prove that the molecular mechanism here suggested (Figure 1) is the
cellular substrate for better performances on memory-dependent behavioral tests when ghrelin
is central or peripherally administered in rodents, by repeating this administration, and by
performing protein biotinylation, the subunit GluA1 of AMPARs should be increased in surface
fractions prepared from hippocampus. Again, this analysis could also be made in hippocampal
postsynaptic density fractions, and in parallel using control animals, knockout animals for
ghrelin receptor or injecting in the hippocampus the antagonist of ghrelin receptor. A critical
assay would be to administrate ghrelin, using a protocol which causes hippocampal-dependent
memory enhancement, in knock-in animals expressing the phosphorylation sites of GIluA1
Ser®® and Ser®®' mutated to alanine (Lee et al., 2003) and verifying that in these animals
administration of ghrelin is unable to produce cognitive enhancement when assessed by
hippocampal-dependent behavior tasks. In case the treatment causes an increased memory
retention, this would indicate that the mechanism does not depend on an increase of GluA1
phosphorylation.

Here we show that ghrelin has a pivot role in the modulation of excitatory glutamatergic
neurotransmission in the hippocampus, strengthening the neurotransmission by inducing
AMPARSs trafficking, function that we believe may underlie learning and memory formation
necessary to satisfy the energetic metabolism. In addition, some emerging observations reveal
that this orexigenic factor may modulate other vital physiological functions through its effect on

glutamatergic-mediated neurotransmission in other brain regions.

Abizaid and co-workers found that the frequency of action potentials in dopaminergic
neurons in the ventral tegmental area (VTA) is increased by ghrelin treatment (Abizaid et al.,
2006). However, no effect of ghrelin was observed on frequency of action potentials in slices
treated with CNQX (AMPARs antagonist) and AP5 (NMDARs antagonist) (Abizaid et al., 2006),
suggesting that ghrelin mediated increment in the frequency of action potentials in dopaminergic
neurons requires excitatory inputs to these neurons. Moreover, these authors found that
intraperitoneal injection of ghrelin also increased the number of asymmetric excitatory
synapses, while symmetric inhibitory contacts were reduced after ghrelin treatment (Abizaid et
al., 2006), in aggrement with what have been found in the hippocampus. In correlation with the
previous results, they observed that ghrelin treatment significantly increased the frequency of
mEPSCs, while it decreased the frequency of mIPSCs (Abizaid et al., 2006). Altogether these
observations suggest that VTA is a highly plastic area of the brain, where glutamatergic
transmission seems to play a pivot role. This regions has emerged as a target of ghrelin to
incentive the motivation for natural rewards such as food (reviewed in Diz-Chaves, 2011,
Perell6 and Zigman, 2012 and Schellekens et al., 2012).
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Moreover, the interaction between ghrelin and glutamatergic system was also
implicated in ghrelin-induced feeding behavior in broiler cockerels (Taati et al., 2011). Taati and
co-workers found that intracerebroventricular injection of ghrelin, as previously described
(Furuse et al.,, 2001; Saito et al., 2005), strongly inhibits food intake in a dose dependent-
manner in chickens (Taati et al., 2011). Moreover, they found that intracerebroventricular
injection of ghrelin was attenuated by pretreatment with AP5 and co-administration of glutamate
and ghrelin additively enhanced inhibitory effect of ghrelin on food intake (Taati et al., 2011).
These results indicate that glutamatergic system is involved in the ghrelin induced regulation of
feeding behavior.

Furthermore, Liu and co-workers found that deletion of NMDARs from Agouti-related
peptide (AgRP)-expressing neurons in the hypothalamus caused marked reductions in body
weight as well as in the ad libitum food intake (Liu et al., 2012). They also showed that 24 hours
of fasting markedly increased spine number on AgRP neuron dendrites and the frequency of
mEPSCs (Liu et al., 2012). Both of these phenotypes were lost in AgRP neurons lacking
postsynaptic NMDARs. Ghrelin is known to activate AgRP neurons (Cowley et al., 2003); and
s0, one interesting possibility is that ghrelin, which is increased by fasting in the plasma, might
modulate this effect, similarly with what happens in the hippocampus (Diano et al., 2006;
Cuellar and Isokawa, 2011) and VTA (Abizaid et al., 2006), regions where it seems to act as an

inducer of spine formation.

Altoghether these observations point to a scenario where ghrelin is having a role in the
modulation of glutamatergic transmission throughout the brain. Hence, a detailed analysis of
ghrelin’s action on glutamatergic neurotransmission in other brain regions, as presented here

for the hippocampus, is clearly being missed.

To conclude, our data suggest that ghrelin-induced enhancement of cognition is likely
based on its ability to drive GluA1-containing AMPARSs to synapses, a mechanism known to be
the molecular basis of memory acquisition and storage in the hippocampus. The following
observations support this idea:

i) ghrelin receptors are present at excitatory synapses in the hippocampus;

ii) ghrelin receptor activation promotes the synaptic localization of AMPARSs in
hippocampal cultures;

iii) ghrelin receptor activation enhances AMPAR-mediated currents, drives the synaptic
insertion of GluA1-containing AMPARSs in an activity-dependent manner, and enhances
long-term potentiation in the hippocampus;

iv) ghrelin receptor activation triggers the phosphorylation of GluA1 and stargazin.
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