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of GIuN1 subunit at Ser 896 and Ser 897
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Abstract

Although ghrelin and its cognate receptor GHSR1a are highly localized in the hypothalamic nuclei
for the regulation of metabolic states and feeding, GHSR1a is also highly localized in the
hippocampus suggesting its involvement in extra-hypothalamic functions. Indeed, exogenous
application of ghrelin is reported to improve hippocampal learning and memory. However, the
underlying mechanism of ghrelin regulation of hippocampal functions is poorly understood. Here
we report ghrelin promoted phosphorylation of GluN1 and amplified NMDA receptor (NMDAR)-
mediated EPSCs in the CA1 pyramidal cell of hippocampus in slice preparations. The ghrelin-
induced responses were sensitive to a GHSR1a antagonist and inverse agonist, and were absent in
GHSR1a homozygous (-/-) knock-out mice. These results indicated that activation of GHSR1a
was critical in the ghrelin-induced enhancement of the NMDAR function. Interestingly,
heterozygous (+/-) mouse hippocampi were also insensitive to ghrelin treatment, suggesting a
slight reduction in the availability of GHSR1a may be sufficient to negate the effect of ghrelin on
GIuN1 phosphorylation and NMDAR channel activities. In addition, NMDAR-mediated spike
current, which is of dendritic origin, was blocked by the GHSR1a antagonist, suggesting the
presence of GHSR1a on the pyramidal cell dendrites with physical proximity to NMDAR.
Together with our findings on the localization of GHSR1a in the CA1 region of the hippocampus,
which was evidenced by fluorescent ghrelin binding, immunoreactivity, and eGFP reporter gene
expression, we conclude that the activation of GHSR1a favors a rapid modulation of the NMDA
receptor-mediated glutamatergic synaptic transmission by phosphorylating GIuN1 subunit in the
hippocampus.
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Introduction

It is widely acknowledged that learning can be accomplished more easily, accurately, and
speedily when a subject is interested, motivated, and reward-driven. Numerous animal
models of learning have demonstrated successful acquisition of specific tasks while
providing food as a reward in fasted conditions. Ghrelin is a stomach hormone, released
when the stomach is empty. It stimulates the brain's reward center (Malik, 2008).
Accelerated acquisition of learning under the fasted condition suggests the potential
importance of ghrelin as a key molecule for cellular and molecular mechanisms of learning
and memory (Andrews, 2010; Albarran-Zeckler et al., 2011 Ferrini et al., 2009).

Ghrelin is a 28 amino acid peptide (Kojima et al., 1999). While its cognate receptor, i.e.,
ghrelin receptor (GHSR1a), is highly localized in the hypothalamic nuclei for the regulation
of metabolic states and feeding (Cowley et al., 2003), GHSR1a is reported to be highly
localized in the hippocampus as well (Zigman e al., 2006; Mani et al., 2014). The dentate
gyrus, CA2, and CA3 show distinctively high expression of mRNAs of GHSR1a (Guan et
al., 1997) while CA1 exhibits strong binding for biotinylated ghrelin (Diano et al., 2006) as
well as the expression of eGFPs tagged to GHSR1a (Jiang et al., 2006). We previously
reported that exogenous application of ghrelin upregulated the phosphorylation of CREB
(cAMP response element binding protein) (Cuellar and Isokawa, 2011) and enhanced
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dendritic spine density (Berrout and Isokawa, 2012) through the activation of GHSR1a in
the CA1 region of the hippocampus. Diano et al. (2006) reported that systemically-applied
ghrelin crossed the blood-brain barrier and promoted dendritic spine-synapse formation and
long-term potentiation (LTP) in the hippocampus. Synaptic incorporation of AMPA
receptors was suggested as a result of GHSR1a-mediated plasticity (Ribeiro et al., 2013). In
spite of the accumulating evidence for ghrelin's stimulatory roles on hippocampal functions,
the fundamental mechanism of how ghrelin and its receptor regulate hippocampal synapses
and neuron excitability is not fully understood.

The ghrelin gene generates various molecules besides ghrelin including des-acyl ghrelin, C-
ghrelin, obestatin, and des-GIn14 ghrelin (Nishi et al., 2011). However, these molecules
neither act as the endogenous ligand of GHSR1a (Holst et al., 2007; Lauwers et al., 2006),
nor play any role in appetite control (Soares and Leite-Moreira, 2008). In order to activate
GHSR1a, ghrelin has to be acyl-modified with a C8:0-group at serine 3 (Ser3) to become the
n-octanoyl ghrelin (C8:0-ghrelin) (Hosoda et al., 2000). For this study, we used the 28-
amino acid peptide acylated at Ser3 with C8:0 (from this point on, we refer to it as ghrelin).
Our findings of immunohistochemically-detected GIuN1 subunit phosphorylation and the
whole-cell patch clamp recording of the NMDA receptor-mediated synaptic currents
demonstrate ghrelin's stimulatory effect, through the activation of GHSR1a, on the NMDA
receptor-mediated glutamatergic neurotransmission in the CA1 hippocampal pyramidal
cells.

Materials and Methods

Animals

Sprague-Dawley rats, mice with eGFP reporter gene (Jiang, et al., 2006), and GHSR1a
knock-out mice (Diano et al., 2006) were used. Both homozygous (GHSR1a-/-) and
heterozygous (GHSR1a+/-) mice were examined. The rats were purchased from Charles
River (Wilmington, MA), and the two strains of transgenic mice were purchased from
Jackson Laboratory (B6;129S7-Ghsr<tm2Rgs>/J/Stock# 019908 and B6N(Cg)-
Ghsrtm1-1KOMP)Vicg)j/Stock# 018595).

Acute hippocampal slice

Animals were decapitated based on the protocol approved by the University of Texas at Rio
Grande Valley Institutional Animal Care and Use Committee (IACUC) in accordance with
the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23). Adequate measures were taken to minimize pain or discomfort.
Brains were quickly immersed in ice cold artificial cerebrospinal fluid (ACSF) consisting of
(in mM): 124 NaCl, 3 KCl, 2 CaCly, 2 Mg,SO0y4, 1.24 NaH,POy4, 26 NaHCO3, and 10
glucose. Brains were sectioned in 400 um thick slices using a vibroslicer (Ted Pella,
Redding, CA) and maintained in an oxygenated ACSF at 35°C for up to 6 hours.

Hippocampal slice culture

Hippocampi from both hemispheres were dissected from P6 pups and sliced into 400pum
thick sections using a chopper (Stoelting, Wood Dale, IL). Slices were placed on Transwell
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culture insert (Costar, Corning, NY) and incubated in culture media consisted of: 50%
MEM, 25% HBSS, 24% horse serum, 0.5% penicillin/streptomycin solution, 0.5% glucose
solution, and 25 mM HEPES with 5% CO, at 35°C for up to 3 weeks (Isokawa, 2009). Slice
culture was used because: 1) chemical effect of agonists and antagonists of GHSR1a can be
assessed directly on the hippocampus in isolation while eliminating multi-synaptic circuit
activities projected from extra-hippocampal regions (since those axon terminals projecting
to the hippocampus die out in time during culturing); 2) acutely-prepared slices are expected
to show fluctuating levels of endogenous ghrelin in the hippocampus among animals, since
animals are fed ad libitum so that a systemic level of ghrelin likely varies at the time of
decapitation. In contrast, slice culture can provide a stable control in order to test the effect
of ghrelin on hippocampal neurons, independent of systemic ghrelin; and 3) transient
elevation of dendritic spine density was reported as a possible result of decapitation and
cardiac perfusion (O'Callaghan and Sriram, 2004).

Electrophysiology

Visualized whole-cell patch clamp recording was conducted with a recording pipette filled
with a solution consisting of (in mM): 110 cesium methanesulphonate, 10 Hepes, 50 CsCl, 1
CaCl,, 1 MgCly, 5 QX-314, 2 MgATP pH adjusted to 7.3 with CsOH. Pipette resistance was
~5 M when measured in the bath solution. The NMDA receptor-mediated EPSC
(NMDAR-EPSC) was isolated at a holding potential of +40 mV in the presence of NBQX
(10 uM; Tocris R&D, Bristol, UK) to block AMPA receptor-mediated EPSCs and
picrotoxin (50 uM; Sigma, St. Luis, MO) to block GABA receptor-mediated IPSCs, while
stimulating the Stratum Radiatum with a concentric bipolar metal electrode at 0.05 Hz in
order to avoid a run-down of NMDAR-EPSCs (Axopatch 200A and pClamp 10). Stimulus
intensity was set to evoke 35-60% of the maximum amplitude. When access resistance
changed more than 15% (checked by a small negative voltage pulse), data acquisition was
discontinued. The following compounds were used: Ghrelin, D-Lys3-GHSR-6, and
Substance P analogue ([D-Argl,D-PheS,D-Trp”9, Leul!]Substance P), all from Phoenix
Pharmaceuticals (Burlingame, CA), and L-629,585 from Tocris R&D (Bristol, UK). Inverse
agonists and antagonists were bath-applied 0.5 h prior to the application of agonists.
NMDAR-EPSCs were presented graphically as mean + SEM (standard error of the mean)
according to statistical methods set by the EJN Authors' Guideline (EJN vol. 28, pp.
2363-2364). Results were tested for statistical significance with a student t-test or ANOVA
(analysis of variance). Differences were considered significant if P < 0.05.

Fluorescent ghrelin binding

Octanoylated form of FITC-conjugated ghrelin (F302) and non-octanoylated form of FITC-
conjugated ghrelin (F203) were provided by Dr. Len Luyt at the University of Western
Ontario in Canada. One uM of F302 or F203 were added to culture media, and hippocampal
slices were incubated for 1 hour. At the end of application, slices were fixed with 4%
paraformaldehyde in phosphate buffered saline (PBS), glass-mounted, and examined with a
confocal microscope (Fluoview 1000, Olympus, Center Valley, PA).
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Immunohistochemistry

Slices were immersion-fixed with 4% paraformaldehyde in 1 M phosphate buffered saline
(PBS), rinsed, treated with 0.2% Triton-X100 and 10% BSA for 1 hour, and incubated in a
rabbit polyclonal anti-GHSR1a (1:200, Phoenix Pharmaceutical, Burlingame, CA; or 1:50,
Santa Cruz Biotechnology, Santa Cruz, CA), or a goat polyclonal anti-pGIluN1
(phosphorylated GIuN1 subunit at Ser 896/897, 1:100, Santa Cruz Biotechnology, Santa
Cruz, CA) for 48 hours at 4°C with gentle agitation, which was followed by Alexa 488-
conjugated secondary antibody (1:200, Life Technologies, Grand Island, NY) for 1 hour at
room temperature. No dual labeling was attempted. For control, we used a blocking peptide,
omitted a primary antibody, or simultaneously applied primary and secondary antibodies.
Slices were glass-mounted and imaged at a single cell resolution using a confocal
microscope.

Quantification of pGluN1 immunoreactivity

Results

Representative pGIluN1 signals (Fig. 2A1) were manually selected (red circles in Fig. 2A2),
and the area and intensity of the fluorescent signal were measured in each red circle using
image analysis software (IPLab, BD Bioscience, San Jose, CA). The range (max/min) of
areas and the range (max/min) of fluorescent intensities measured from a total of 236 red
circles were used to establish selection criteria for pGIuN1 immunoreactive puncta in 30
slices. The criteria, once established, were applied to immunofluorescent signals that were
acquired from a total of 2024 images taken from 157 slices in 11 pups using auto-
segmentation logic (Triangle), and only those that satisfied the criteria were accepted as
pGIluN1 immunoreactive puncta (in 512 images in 114 slices in 11 pups). pGIuN1
immunoreactivity was quantified as a ratio between the summed total area of pGIuN1
immunoreactive puncta over a total image area, and presented graphically as mean + SEM
(standard error of the mean) according to statistical methods set by the EJN Authors'
Guideline (EJN vol. 28, pp. 2363-2364). Results were tested for statistical significance with
a student t-test or ANOVA (analysis of variance). Differences were considered significant if
P <0.05.

Fluoescent ghrelin binding, GHSR1a immunohistochemistry, and eGFP reporter gene

expression

The octanoylated form of FITC-conjugated ghrelin (F302, 1 uM) exhibited strong binding in
CA3 and CA2 of rat hippocampal slice culture (Fig. 1A), which extended to CA1 (Fig. 1B).
The lack of binding with non-octanoylated form of FITC-conjugated ghrelin (F203, 1 uM)
(Fig. 1C) confirmed F302 binding was specific to GHSR1a. Visualization of F302 binding
with higher magnification revealed a clustered but randomly distributed GHSR1a in the
CAL pyramidal cell layer (Fig. 1D) in contrast with the lack of binding with F203 as a
control (Fig. 1E).

Independent of ghrelin binding, the localization of GHSR1a was examined
immunohistochemically using two different antibodies raised against GHSR1a. GHSR1a
immunoreactivity was apparent with both antibodies in the hippocampal CA1 cell layer as
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discrete puncta that surrounded the soma (Fig. 1F), when compared with control specimens
that received a blocking peptide or did not receive primary antibody (data not shown).

We also observed eGFP signals in the transgenic mouse hippocampus where the eGFP gene
was inserted downstream of the GHSR1a promotor. In live slice culture specimens, eGFP
signals were identified in the dentate gyrus and CA1 region (Fig. 1G). With higher
magnifications, the CA1 pyramidal cell layer became clearly detectable with fluorescing
signals (Fig. 1H and 1), and individual CA1 pyramidal cells were identified as eGFP-
expressing neurons (Fig. 1J).

Together these data demonstrate cellular and molecular evidence for the localization of
GHSR1a in the CA1 pyramidal neurons of the hippocampus, and support the anatomical
basis for our experiments on ghrelin-mediated phosphorylation of GIuN1 and enhanced
NMDA receptor-mediated synaptic transmission discussed in the following section of the
present study.

pGluN1l immunoreactivity in response to ghrelin

Phosphorylation of GIuN1 was studied at Ser 896 and Ser 897. Ser 896 phosphorylation is
PKC-dependent, and Ser 897 phosphorylation is PKA-dependent. Since GHSR1a is a Gg-
coupled receptor, the activation of the receptor can initiate IP3-mediated signaling pathways
leading to PKC activation (Camifia, 2006). In addition, we previously reported the activation
of cCAMP signaling pathways including PKA in response to ghrelin (Cuellar and Isokawa,
2011). Phosphorylation of these sites was reported to potentiate NMDA receptor function
(Roh et al., 2011).

Exogenous application of ascending doses of ghrelin (1-1000 nM) increased the magnitude
of pGIuN1 signal in both acutely-prepared and cultured hippocampal slices. This change
was quantified as described in the methods section (Fig. 2A1 and A2). In acutely-prepared
rat hippocampal slices, pGIuN1 immunoreactivity increased in a dose-dependent manner by
20 % (r2=0.953, p<0.05, n=17, ANOVA) (Fig. 2B). The increase in pGIuN1 was sensitive to
and inhibited by GHSR1a antagonist, D-Lys3-GHSR6 (1 uM) and an inverse agonist,
Substance P analogue (10 pM) in the presence of ghrelin (100 nM); however, the application
of D-Lys3-GHSR®6 (1 uM) or Substance P analogue (10 uM) alone did not have any effect
when compared with control (p<0.005, n=27, unpaired t-test) (Fig. 2C). In cultured rat
hippocampal slices, the ghrelin-induced increase in pGIuN1 peaked at the concentration of
10 nM (r2=0.899, p<0.0001, n=56, ANOVA) (Fig. 2D) and started to decline with higher
doses. This suggests that receptor desensitization or internalization might have occurred
when the hippocampus was maintained in the form of cultured hippocampal slices. Similar
to acute slices, ghrelin-mediated phosphorylation of GIuN1 was inhibited by D-Lys3-
GHSR6 (1 uM) and Substance P analogue (10 uM) in the hippocampal slice culture.
However, the application of D-Lys3-GHSR6 (1 uM) or Substance P analogue (10 pM) alone
did not have any effect when compared with control (Fig. 2E, ghrelin concentration: 100
nM) (p<0.001, n=47, unpaired t-test).

pGIuN1 immunoreactivity in response to non-peptide agonist, L-692,585 (1-1000 nM) in the
hippocampal slice culture exhibited a significant increase at 100 nM and plateaued between
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500 and 1000 nM (r2 =0.729, p<0.001, n=41, ANOVA)(Fig. 2F) without any sign of
receptor desensitization or internalization. This indicates that L-692,585 is effective within a
narrow range of doses in our experimental conditions. L-692,585-induced increase in
pGIluN1 was inhibited by D-Lys3-GHRP-6 and Substance P analogue in the presence of
L-692,585 (100 nM) (p<0.001, n=47, unpaired t-test) (Fig. 2G).

In cultured slices prepared from homozygous knock-out (GHSR1a -/-) mice, no changes
were detected in pGIuN1 immunoreactivity in response to exogenous application of ghrelin
(100 nM). In contrast, the identical dose of ghrelin increased pGIuN1 in wild-type (GHSR1a
+/+) mouse hippocampal slices (p<0.005, n=31, unpaired t-test) (Fig. 2H1 and H2).
Interestingly, cultured slices prepared from heterozygous (GHSR1a +/-) mice showed no
changes in pGIuN1 immunoreactivity in response to exogenous application of ghrelin (100
nM) (Fig. 2H1 and H2). This suggests that a slight reduction in the availability of GHSR1a
may be sufficient to negate the effect of ghrelin on the phosphorylation of GIuN1.
Furthermore, the magnitude of pGIuN1 was elevated in homozygous knock-out (-/-) mouse
compared with the wild-type mouse in control and ghrelin. This suggests the possibility that
some compensatory mechanisms might have turned on in the absence of physiological
contribution of GHSR1a towards the homeostatic regulation of NMDA receptor function.

Ghrelin-induced and GHSR1a-dependent enhancement of NMDAR-EPSCs

NMDAR-EPSCs were recorded with a patch electrode in the whole cell configuration from
single CA1 pyramidal cells while stimulating the stratum radiatum every 20 s. A brief local
application of ghrelin (100 nM) enhanced NMDAR-EPSCs (*F=29.12, p<0.001,
**F=28.39, p<0.005, n=30, One Way Repeated Measure ANOVA) (Fig. 3A). The peak
amplitude increased in a dose-dependent manner (Fig. 3A2). This increase was sensitive to
D-Lys3-GHSR-6 (Fig. 3Al and Fig. 3B) (* t=10.18, p<0.0006, ** t=14.96, p<0.0002,
n=41, unpaired t-test). Interestingly, in the absence of exogenous ghrelin, NMDAR-EPSCs
reduced peak amplitude in response to D-Lys3-GHSR-6 in a reversible manner (Fig. 3C and
D) (* F=63.58, p<0.001, n=37, One Way Repeated Measure ANOVA in C, * F=16.06,
P<0.001, n=18, One Way Repeated Measure ANOVA in D). A summary of the results
shown in Fig. E (* t=9.87, p<0.0004, n=53, unpaired t-test) suggested either: 1) GHSR1a
was constitutively active, or 2) endogenous ghrelin might be present in our cultured
hippocampal slices. Finally, none of the responses observed above with ghrelin and D-Lys3-
GHSR-6 were generated in slices prepared from GHSR1a knock-out mice (Fig. 3F)
(F=0.772, p>0.77, n=18, One Way Repeated Measure ANOVA).

In addition to evoked NMDAR-EPSCs, spontaneously-occurring NMDAR-EPSCs (SEPSCs)
were examined for the effect of ghrelin and a GHSR1a antagonist. The amplitude of SEPSCs
was 100 pA in average in control ACSF (Fig. 3G1), which increased by 50-100 % in
response to exogenous application of ghrelin (Fig. 3G2). However, the frequency of SEPSCs
did not change significantly, suggesting the effect of ghrelin was likely postsynaptic. D-
Lys3-GHRP-6 reduced the amplitude of SEPSCs (Fig. 3H1) without changing the frequency
(Fig. 3H2 and 3). Cumulative frequency of SEPSCs with amplitudes ranging from 20 pA to
200 pA is summarized in control (J1), ghrelin (J2), and D-Lys3-GHRP-6 (J3) in the total of
23 neurons.
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We recorded NMDA spike currents in the whole-cell configuration (Fig. 3K1). NMDA
spikes are spontaneously-generated local electrical signals at dendritic branches (Antic et al.,
2010) where NMDA receptors are highly localized (Ding et al., 2013). Its generation is
promoted by glutamate spillover at any single point in the entire dendritic tree (Chalifoux
and Carter, 2011) that may involve extra-synaptic receptors (Petralia, 2012). In the present
study, NMDA spike currents were insensitive to exogenous application of ghrelin; however,
the generation was blocked by the bath-application of D-Lys3-GHSR-6 in a reversible
manner (Fig. 3K2) (Chi-square = 20.135, p<0.045, n=12, Friedman one way repeated
measure ANOVA). This inhibitory effect of D-Lys3-GHRP-6 on the NMDA spike currents,
independent of ghrelin, suggests potential influence of GHSR1a on extra-synaptic NMDAR
and supports the interpretation that GHSR1a is likely present on pyramidal cell dendrites
with physical proximity to the NMDA receptor.

Discussions

We have shown that ghrelin stimulates the NMDA receptor-mediated synaptic transmission
in the hippocampus by phosphorylating the NMDA receptor subunit GluN1 through the
activation of GHSR1a. This novel finding can provide a cellular and molecular mechanism
to explain earlier reports on the improved memory retention by intra-hippocampal ghrelin
application proposed by Carlini et al (2010). It also explains an increased dendritic spine
density in the hippocampal slice culture in response to exogenous application of ghrelin
(Berrout and Isokawa, 2012) and enhanced long-term potentiation and spine synapse
formation induced by systemic application of ghrelin in vivo (Diano et al., 2006).

NMDA receptor function can be regulated by many factors. For example, protein kinase A
(PKA) is a well-acknowledged molecule that enhances NMDA receptor function (Skeberdis
et al., 2006). PKA does so by phosphorylating the NMDA receptor subunit (Leonard and
Hell, 1997; Yaka et al., 2002). A typical way of increasing the availability of PKA signals is
through the activation of cCAMP. We previously reported, in fasted animals with an elevated
serum ghrelin level, that phosphorylated CREB (cAMP-response element binding protein)
was upregulated in the hippocampus and limbic cortex (Estrada and Isokawa, 2009). We
also reported that exogenous application of ghrelin upregulated phosphorylated CREB
(pCREB) in the CA1 pyramidal cell and this effect was blocked by the PKA antagonist, Rp-
cAMP in cultured hippocampal slices (Cuellar and Isokawa, 2011). These findings are in
agreement with our present findings and support our interpretation that ghrelin initiates
GHSR1a-mediated signaling in the hippocampal CA1 neurons by targeting the NMDA
receptor subunit GluN1 and enhancing NMDAR-mediated synaptic transmission through
possible activation of PKA signaling.

A primary molecular constituent for GHSR1a is a Gq protein and Gq is not generally linked
to the cAMP/PKA signaling cascade for CREB activation. However, GHSR1a can cause a
robust activation of CRE-mediated gene transcription (Holst et al., 2003). For example, Gq
activation can mobilize cytoplasmic calcium ([Ca2*]i) by translocating IP3 to the
endoplasmic reticulum and initiate a release of Ca2* from stores. Increase in cytosolic Ca*
can stimulate cAMP production via the activation of Ca2*-dependent adenylate cyclase.
Indeed, the upregulation of CREB by ghrelin has been reported in the hypothalamus
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(Petersen et al., 2009). In the hippocampus, the role of cCAMP/PKA signaling in the
induction and late (protein synthesis-dependent) phase of NMDA receptor-dependent LTP
attracted considerable attention, and a gating role of PKA was proposed in the induction of
hippocampal plasticity (Thompson et al., 2002). Thus, the ghrelin's stimulatory effect on the
NMDA receptor via the activation of PKA and cAMP proposes a novel signaling pathway
for the regulation of synaptic transmission in the hippocampal CA1 pyramidal neuron by a
metabolic hormone.

In the present study, the dose-dependent increase in the magnitude of pGIuN1 showed a
unique pattern between different types of hippocampal preparation (i.e., acute vs. cultured
slices) and different forms of agonist (acylated ghrelin vs. non-peptide agonist, L629,585).
In acute slices, pGIuN1 immunoreactivity continued to increase in response to ascending
doses of ghrelin (Fig. 2B). On the other hand, in cultured slices, pGIuN1 immunoreactivity
peaked at the dose of 10 nM ghrelin, and declined thereafter with higher doses of ghrelin
(Fig. 2D). This finding suggests a possible occurrence of GHSR1a receptor desensitization
or internalization in cultured slices. Acutely-prepared hippocampal slices retain more of
physiological conditions similar to those found in the in vivo system than cultured slices
where the hippocampus is kept in isolation. Thus, physiological conditions that are likely
retained in acute slices might have a mechanism to prevent GHSR1a receptor desensitization
or internalization. One such possibility is the ample presence of fatty acids in the in vivo
system. Unsaturated fatty acids were reported to prevent desensitization of the human
GHSR1a by blocking its internalization (Delhanty et al., 2010). In this report, prolonged (96
h), but not acute, treatment of the GHSR cells in vitro with the 18C oligounsaturated fatty
acids (OFAs) oleic and linoleic acid caused a significant increase (a factor of 2.5 to 3) in
sensitivity of GHSR1a to ghrelin via a mechanism involving retardation of cellular
internalization, rather than altered receptor affinity for the ligand. OFAs were found to block
the inhibitory effects of ghrelin pretreatment on subsequent ghrelin responsiveness,
suggesting that OFAs suppress desensitization of GHSR1a.

GHSR1a is desensitized via the classical clathrin-mediated pathway (Camifia et al., 2004;
Holliday et al., 2007). The authors suggested there was specificity in the mechanism by
which OFAs block entry of the GHSR1a into the endocytic pathway so that GHSR1a was
retained on the cell surface, where it can continue to signal in response to ghrelin. In regard
to the different forms of agonist, we observed no signs of receptor desensitization or
internalization with a non-peptide agonist (L629,585) in cultured slices. Occurrence of
receptor desensitization and/or internalization is often agonist-dependent; thus, L-692,585
may not cause desensitization or internalization as easily as ghrelin. On the other hand,
receptor desensitization and/or internalization might have been observed if we had tested
with higher (mM) ranges of doses.

After being released, ghrelin crosses the blood-brain barrier. The rate of crossing increases
when serum ghrelin concentration increases (Diano et al., 2006), suggesting the possibility
that ghrelin-mediated modulation of hippocampal synaptic transmission may be under the
regulation of peripherally-circulating ghrelin. However, there is a report to show acylated
ghrelin transport in the blood-to-brain direction is negligible (Banks et al., 2002) and
vagotomy prevents peripheral ghrelin's effect on the hypothalamus (Date et al., 2002). Thus,
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ghrelin's direct effect on the brain may be of intrinsic origin (Nakazato et al., 2001). In the
hippocampus, no cell bodies or processes were positive to ghrelin mMRNAs except for septal
neurons (Cowley et al., 2003) whose axons project to the hippocampus (Huh et al., 2010).
This evidence suggests the possibility that septal neurons could be a source of hippocampal
ghrelin. Further investigation on identifying the source(s) of ghrelin that can modulate
hippocampal neuron function may provide additional support for our present findings of
GHSR1a-mediated regulation of glutamatergic transmission.

We observed a decrease in the amplitude of NMDAR-mediated evoked EPSCs and
spontaneous EPSCs by GHSR1a antagonists in the absence of ghrelin (Fig. 3C and D). We
also observed the blockade of generation of NMDA spikes by GHSR1a antagonist in the
absence of exogenous application of ghrelin (Fig. 3K2). These results suggest that GHSR1a
might be constitutively active and involved in determining the peak amplitude of NMDAR-
EPSCs as well as the generation of NMDA spikes. Indeed, the ghrelin receptor family
including GHSR1a displays a high degree of ligand-independent signaling activity (Holst et
al., 2003; Petersen et al., 2009). The receptor signals with around 50% of activity even in the
absence of agonist (Holst et al., 2003). On the other hand, there is a report to show that D-
Lys3-GHRP6 may interact with the NMDA receptor inhibiting its function independent of
ghrelin, GHSR1a, or signaling cascade (Pinilla et al., 2003). In addition, although we
reported a reduction in the NMDAR-mediated EPSC with the application of D-Lys3-
GHRP6 alone, we found no effect of D-Lys3-GHRPG6 alone on pGIuN1. A similar finding
was obtained with the application of Substance P analogue alone. One possible explanation
for this discrepancy may be a difference in the sensitivity of detecting the effect of D-Lys3-
GHRP6 or Substance P analogue between immunohistochemistry and electrophysiology.
Patch clamp recordings of NMDAR-EPSCs were done from single pyramidal cells. Thus, a
small reduction in the NMDAR-EPSC in response to D-Lys3-GHRP6 or Substance P
analogue (200-300 pA) could be detected together with a large increase in the NMDAR-
EPSC in response to ghrelin (over 1000 pA). On the other hand, pGIuN1
immunohistochemistry was done on the whole hippocampus in slices (both acute and
cultured), which included not only pyramidal cells but also GABAergic interneurons and
non-neuronal cells such as astrocytes, microglia, and oligodendrocytes. Potential differences
(or absence) in the expression of GHSR1a or the response(s) to D-Lys3-GHRP6/Substance
P analogue in individual cells of different kinds were not addressed. Thus, even if pyramidal
cells showed a small reduction in pGIuN1, such reduction could have been masked by other
cell types that did not show any change. Additional investigation will help further identify
whether hippocampal GHSR1a signals constitutively or in the presence of endogenous
ghrelin in order to regulate NMDA receptors.

Lastly, although our dose-response curve shows a direct correlation between GHSR1a-
signaling and the GIuN1 subunit phosphorylation (as depicted in Fig. 2B, D, and F), we
cannot rule out the possibility that other subunits may also be involved. GIuN2B subunits
are abundant in the immature hippocampus and form triheteromeric NMDA receptors with
GIuN1 and GIuN2A in the mature hippocampus (Rauner and Kéhr, 2011; Tovar et al.,
2013). The blockade of GIuUN2B decreases NMDAR-mediated tonic current (Papouin et al.,
2012). Thus, the possibility for the involvement of GIUN2A and 2B in the present study may
need to be resolved.
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In conclusion, we demonstrate in the present study that NMDA receptor functions are
regulated by ghrelin in a GHSR1a-dependent manner in such a way that NMDAR-mediated
synaptic currents are increased as a result of GIuN1 subunit phosphorylation in the
hippocampal pyramidal neurons and synapses. Our data propose a model to explain how a
routinely-produced gut hormone that initiates innate behavior of feeding can act as a key
molecule for the modulation of synaptic transmission in the hippocampus.
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Figure 1.
Localization of GHSR1a in cultured hippocampal slices. A-C. Binding of octanoylated form

of FITC-conjugated ghrelin (F302, 1 uM) in the CA3 and CA2 of rat hippocampal slices
(A), which extended to CA1 (B). The lack of binding with non-octanoylated form of FITC-
conjugated ghrelin (F203, 1 uM) (C). D and E. Octanoylated ghrelin-binding (F302) (D)
and non-octanoylated ghrelin-binding (F203) (E) in CA1 neurons. F. GHSR1a
immunoreactivity. G-J. eGFP signals from GHSR1a-expressing cells in the RgS transgenic
line of mouse hippocampal slices (G). The eGFP signals in the CAL region with higher
magnifications (H and I). Individual CA1 pyramidal cells expressing eGFPs (J). Images in
A-F were obtained in fixed slices, and images in G-J were obtained in live slices.
Calibrations: 500 ym in A, B, C and G; 200 um in H; 100 um in I; 10 ym in D, E and J; 5
pm in F.
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Figure2.
pGIuN1 immunoreactivity. A. Representative pGIuN1 signals (A1) were manually selected

(red circles in A2) and processed for quantitative analysis as described in Methods. A2
shares the same calibration with Al. B-C. pGIuN1 immunoreactivity in response to
ascending doses of ghrelin in acutely-prepared rat hippocampal slices (B) and in response to
GHSR1a antagonists, D-Lys3-GHSR®6 (1 uM) and Substance P analogue (10 uM) with or
without ghrelin (100 nM) (C). D-E. pGIluN1 immunoreactivity in response to ascending
doses of ghrelin in cultured rat hippocampal slices (D) and in response to GHSR1a
antagonists, D-Lys3-GHSR6 (1 pM) and Substance P analogue (10 uM) with or without
ghrelin (100 nM) (E). F-G. pGIluN1 immunoreactivity in response to ascending doses of
non-peptide agonist for GHSR1a, L-692,585 in cultured rat hippocampal slices (F) and in
response to GHSR1a antagonists with or without L-692,585 (100 nM) (G).
Photomicrographs in C1 (control), C2 (ghrelin), C3 (ghrelin and D-Lys3-GHRP6), and C4
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(ghrelin and Substance P analogue) were taken from Experiment C. Photomicrographs in E1
(control), E2 (ghrelin), E3 (ghrelin and D-Lys3-GHRP6), and E4 (ghrelin and Substance P
analogue) were taken from Experiment E. Photomicrographs in G1 (control), G2
(L-629,585), G3 (L-629,585 and D-Lys3-GHRP6) and G4 (L-629,585 and Substance P
analogue) were taken from Experiment G. H. Representative pGIUN1 immunoreactivity in
control and ghrelin in wild-type (GHSR1a +/+), heterozygous (GHSR1a +/-), and
homozygous (GHSR1a -/-) knock-out mice (H1). The result was quantified and summarized
in H2. Calibration in C1 (5 um) is shared by all photomicrographs except for Al and A2.
Data are mean + SEM.
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Figure 3.
NMDAR-mediated EPSCs (NMDAR-EPSCs) in the CA1 pyramidal cell in the presence of

picrotoxin (50 pM) and NBQX (10 pM) at the holding potential of +40 mV. A. NMDAR-
EPSCs in response to local puff application of ghrelin, and the subsequent bath application
of D-Lys3-GHRP-6 and APV. Inset Al: NMDAR-EPSC in control (black trace) and ghrelin
(red trace). Inset A2: Dose-responses of NMDAR-EPSCs to 0 nM (control), 20 nM, 50 nM,
and 100 nM ghrelin. B. Summary of changes in the amplitude of NMDAR-EPSCs in
control, ghrelin, and D-Lys3-GHSR-6. C. Reversible inhibition of NMDAR-EPSCs in
response to D-Lys3-GHRP-6 in the absence of ghrelin. Inset in C: control (black trace), D-
Lys3-GHSR-6 (100 UM, red trace), and wash (green trace). D. Effect of continual
application of D-Lys3-GHSR-6 on NMDAR-EPSCs for over 40 min. Inset in D: control
(black trace) and D-Lys3-GHSR-6 (100 uM, blue trace). E. Summary of changes in
NMDAR-EPSCs in response to D-Lys3-GHSR-6 and Substance P analogue. F. Effect of
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ghrelin on NMDAR-EPSCs in GHSR1a knock-out (-/-) mice. Inset in F: control (black
trace) and ghrelin (red trace). G. Spontaneous NMDAR-EPSCs in control (G1) and ghrelin
(G2) in rat hippocampal CA1 pyramidal cell. H. Responses of spontaneous NMDAR-EPSCs
to D-Lys3-GHRP-6 (H1). Individual waveforms of SEPSCs are shown before (H2) and
during (H3) the application. J. The number of SEPSCs were quantified based on the
amplitude in control (J1), ghrelin (J2), and D-Lys3-GHRP-6 (J3) during a period of 10 min
of gap-free recordings obtained from 23 neurons (each neuron received ghrelin and the
antagonist sequentially). K. NMDA spike currents in control (red trance in K1), D-Lys3-
GHSR-6 (black trace in K1), and wash (K3). Each bar in the graph represents the frequency
of occurrence per 10 min for a total of 120 min gap-free recording (K2). Data are mean +
SEM.
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