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Abstract

Growth hormone secretagogue receptor (GHSR) 1a is the only molecularly identified receptor for

ghrelin, mediating ghrelin-related effects on eating, body weight and blood glucose control,

among others. The expression pattern of GHSR within the brain has been assessed previously

using several neuroanatomical techniques. However, inherent limitations to these techniques and

the lack of reliable anti-GHSR antibodies and reporter rodent models that identify GHSR-

containing neurons have prevented a more comprehensive functional characterization of ghrelin-

responsive neurons. Here, we have systematically characterized the brain expression of an

enhanced green fluorescence protein (eGFP) transgene controlled by the Ghsr promoter in a

recently-reported GHSR reporter mouse. Expression of eGFP in coronal brain sections was

compared with GHSR mRNA expression detected in the same sections by in situ hybridization

histochemistry. eGFP-immunoreactivity was detected in several areas including the prefrontal

cortex, insular cortex, olfactory bulb, amygdala and hippocampus, which showed no or low GHSR
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mRNA expression. In contrast, eGFP expression was low in several midbrain regions and in

several hypothalamic nuclei – particularly the arcuate nucleus– where robust GHSR mRNA

expression has been well-characterized. eGFP expression in several brainstem nuclei showed high

to moderate degrees of co-localization with GHSR mRNA labeling. Further quantitative PCR and

electrophysiological analyses of eGFP-labeled hippocampal cells confirmed faithful expression of

eGFP within GHSR-containing, ghrelin-responsive neurons. In summary, the GHSR-eGFP

reporter mouse model may be a useful tool to study GHSR function – particularly within the

brainstem and hippocampus– however, it underrepresents GHSR expression in nuclei within the

hypothalamus and midbrain.
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Introduction

Ghrelin is a peptide hormone secreted primarily from gastrointestinal “ghrelin cells” (Date

et al., 2000; Kojima et al., 1999; Sakata et al., 2009). Ghrelin is secreted in response to

energy insufficiency and psychological stress and has many actions, including those that are

orexigenic, antidepressant, proneurogenic, glucoregulatory, gastroprokinetic and rewarding

(Asakawa et al., 2001; Castaneda et al., 2010; Chuang et al., 2011a; Delhanty and van der

Lely, 2011; Dickson et al., 2011; Masuda et al., 2000; Spencer et al., 2012; Ueno et al.,

2005). The hormone exists in acylated and des-acylated isoforms in circulation (Hosoda et

al., 2000). Ghrelin O-acyl transferase (GOAT) is the unique enzyme that attaches octanoate

to proghrelin, which is then cleaved to acyl-ghrelin within the ghrelin secreting cells before

secretion (Gutierrez et al., 2008; Yang et al., 2008). Most studies demonstrate that this

posttranslational modification is required for binding of ghrelin to its endogenous receptor,

the growth hormone secretagogue receptor (GHSR; ghrelin receptor) (Bednarek et al., 2000;

Hosoda et al., 2000; Kojima et al., 1999).

GHSR is a product of the Ghsr gene, which encodes two types of GHSR mRNA through

alternative splicing – GHSR-1a and GHSR-1b (McKee et al., 1997; Petersenn et al., 2001).

GHSR-1a encodes an identically-named seven transmembrane domain receptor of 366

amino acids that both binds ghrelin and has some degree of constitutive activity (Holst et al.,

2003; Howard et al., 1996; McKee et al., 1997). GHSR-1b, a C-terminal truncated form of

289 amino acids that lacks the transmembrane domains 6 and 7, can neither bind to ghrelin

nor has any known signal transduction activity (Howard et al., 1996; McKee et al., 1997).

Interestingly, GHSR-1a and 1b receptors can form heterodimers within the endoplasmic

reticulum and reduce constitutive activity by decreasing cell surface GHSR-1a receptor

expression (Chow et al., 2012). GHSR-1a receptors (hereafter referred to as GHSRs), were

first isolated from the pituitary and are also expressed in the brain, spinal cord and several

peripheral organs including the pancreas, gastrointestinal tract, and testis (Baatar et al.,

2011; Camina, 2006; Chuang et al., 2011b; Cruz and Smith, 2008; Howard et al., 1996;

Papotti et al., 2000; Zigman et al., 2006). Most papers on ghrelin action and GHSR

expression have focused on the brain, where GHSRs have been localized to several distinct
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regions including several sites in the hypothalamus, midbrain, caudal brainstem and raphe.

GHSR expression in the brain has been studied in rodent and primate models using several

techniques including in situ hybridization histochemistry (ISHH), immunohistochemistry

(IHC), receptor binding studies, Western blot analysis, reverse transcriptase - polymerase

chain reaction (RT-PCR) and ribonuclease protection assay (Bennett et al., 1997; Bron et al.,

2013; Cabral et al., 2013; Gnanapavan et al., 2002; Guan et al., 1997; Howard et al., 1996;

Kamegai et al., 1999; Sun et al., 2007; Tannenbaum et al., 1998; Tong et al., 2011; Zigman

et al., 2006). Of these techniques, only the first three offer an in situ anatomical view of the

protein or message within the different regions of the brain, and none allows for functional

characterization of identified GHSR-containing neurons. Techniques such as ISHH are

labor-intensive and not always sensitive, tending to underestimate actual gene expression

levels, especially of cell surface receptors which, as a group, have relatively low mRNA

abundance. Furthermore, cell surface receptors often lack adequate antigenicity to permit the

generation of reliable antibodies for use in IHC, as seems to be the case for anti-GHSR

antibodies (Reichenbach et al., 2012). These inherent limitations are further magnified when

attempting dual-label histochemistry studies to further characterize neuronal populations. A

reporter mouse for GHSR expression would facilitate identification of GHSR-expressing

neurons and further characterization of their projections, inputs, chemical identities,

electrophysiological properties, function and responses to behavioral or physiologic

perturbation.

Genetically-engineered mouse models in which expression of a reporter gene is driven by

transcriptional regulatory regions of a gene-of-interest have emerged as a powerful

technique to mark cells expressing that gene-of-interest. Such reporter mice models have the

potential to provide reliable and stable expression of the reporter transgene (Liu et al., 2003),

and a small number have been generated to report GHSR-expressing cells. One such mouse

model was generated by a targeted knock-in approach such that the GHSR coding region

was replaced by that of β-galactosidase (Diano et al., 2006). While β-galactosidase activity

or immunoreactivity can be assessed to localize cells that would otherwise normally express

GHSR, this reporter model nonetheless lacks GHSR expression, limiting the utility of these

mice for simultaneous functional studies. A second reporter mouse model contains an

engineered GHSR gene modified by the addition of a tau green fluorescent protein (tauGFP)

downstream of an internal ribosome entry site (IRES) (Jiang et al., 2006), thus theoretically

allowing for both GHSR expression and expression of the more easily-detectable eGFP

reporter. The IRES-mediated reporter system also has potential limitations because the

downstream reporter gene is not always efficiently expressed as the upstream gene (Bouabe

et al., 2008).

Recently, the Gene Expression Nervous System Atlas (GENSAT) project at Rockefeller

University developed another GHSR reporter mouse model. This GHSR-eGFP transgenic

mouse line contains presumed multiple copies of a modified GHSR gene-containing

bacterial artificial chromosome (BAC RP23-358A16) in which an enhanced GFP coding

sequence is inserted at the translational start site of GHSR. The GHSR-eGFP line has

already generated interest, having been used as a reporter for GHSR expression in a limited

subset of brain nuclei and spinal cord (Furness et al., 2011; Smith et al., 2013; Spencer et al.,
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2012), the pituitary (Reichenbach et al., 2012) and the kidney (Callaghan et al., 2012;

Venables et al., 2011). However, the accuracy of the eGFP fluorescence expression in the

transgenic reporter mouse model has not yet been systematically validated throughout the

entire rostro-caudal extent of the brain.

The aim of the current study is to validate the GHSR-eGFP mouse model as an accurate

reporter for GHSR-expressing neurons in the brain. Using dual-label in situ hybridization to

detect expression of GHSR mRNA and immunohistochemistry to stably label eGFP, we

comprehensively tested the accuracy of this model in reporting brain GHSR expression. We

also used quantitative RT-PCR on fluorescence activated cell sorting (FACS)-separated

hippocampal populations and electrophysiology on dispersed hippocampal neurons to

further validate the model.

Materials and Methods

Animals

All animal experiments were approved by Institutional Animal Care and Use Committees of

University of Texas Southwestern Medical Center and Multidisciplinary Institute of Cell

Biology, Buenos Aires, Argentina. Mice were housed under a 12 h dark-light cycle in

standard environmentally controlled conditions. GHSR-eGFP transgenic mice were obtained

from the Mouse Mutant Regional Resource Center (MMRC) Repository at University of

California at Davis [Tg(Ghsr-EGFP)KZ65Gsat; RRID:IMSR_MMRRC:030942]. The

mouse line was generated on an FVB/N-Crl:CD1(ICR) genetic background. We backcrossed

the hemizygous mice to C57BL/6 mice and N2 breeding heterozygote pairs were used to

generate mice (N2F1) for the present study. Transgenic mice were identified by genotyping

using forward 5’-GGACCTCCTCAGGGGACCAGAT-3’ and reverse 5’-

GGTCGGGGTAGCGGCTGAA-3’ primers. Mice had free access to standard rodent chow

diet (Teklad Global Diet- 16% protein diet [2016]; Harlan Teklad, Madison, WI) except

where noted. Sixty percent caloric restriction was achieved by first monitoring and

averaging daily food intake of six individually-housed, 12-to-16-week old mice, and then by

providing 40% of the average daily feed intake at the start of the dark cycle, as described

previously (Wang et al., 2014; Zhao et al., 2010).

Tissue preparation for histology

The mice were deeply anesthetized with intraperitoneal injection of chloral hydrate (500

mg/kg for mice) and transcardially perfused with diethylpyrocarbonate (DEPC)-treated

0.9% phosphate-buffered saline (PBS) followed by 10% neutral buffered formalin, as

described previously (Zigman et al., 2006). Brains were removed immediately and stored in

the same fixative for 4–6 h at 4°C, immersed in 20% sucrose in DEPC-treated PBS, pH 7.0

at 4°C overnight, and sectioned coronally into five equal series at a thickness of 25 μm on a

sliding microtome. The sections were stored at −20°C in an antifreeze solution (Simmons et

al., 1989) until further processing. To visualize endogenous eGFP, sections were mounted

on to SuperFrost slides (Fisher Scientific, Pittsburgh, PA), dried overnight and cover slipped

with Vectashield Hardset Mounting Media (Vector Labs, Burlingame, CA).
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Antibody specificity

Details regarding the GFP primary antibody used in the study are provided in Table 1. The

antibody has been validated in previously published studies for its specificity by

immunohistochemical detection of GFP in samples from mice harboring eGFP transgenes,

but not in wild type mice (Gautron et al., 2010; Zhao et al., 2008). We further confirmed the

specificity of the antibody by demonstrating endogenous eGFP fluorescence pattern (Figure

1) similar to eGFP immunoreactivity using the primary antibody (Figure 2 and 3).

Immunohistochemistry

Immunohistochemistry was performed as described previously (Gautron et al., 2010). The

sections were washed three times with PBS to remove the antifreeze solution. After

washing, sections were pretreated with 0.3% hydrogen peroxide in PBS, pH 7.4, for 30

minutes at room temperature and then were incubated in 3% normal donkey serum (Jackson

ImmunoResearch Laboratories, West Grove, PA) with 0.3% Triton X-100 in PBS (PBT) for

2 h at room temperature. The sections were then incubated overnight at room temperature in

chicken anti-GFP primary antibody (Aves laboratories, Tigard, OR; Cat# GFP-1020

RRID:AB_10000240; 1:5,000 in PBT). After washing with PBS, sections were incubated in

biotin-conjugated donkey anti-chicken IgG (Jackson ImmunoResearch Laboratories;

1:1,000) for 2 h at room temperature, followed by incubation for 1 h in a solution of avidin-

biotin complex (Vectastain Elite ABC Kit, Vector Laboratories, Burlingame, CA; 1:500)

diluted in PBS. The sections were next washed in PBS and incubated in diaminobenzidine

(DAB) using an enhanced DAB substrate kit (Thermo Scientific, Pittsburg, PA), mounted

onto SuperFrost slides and then dehydrated in increasing concentrations of ethanol.

Thereafter, the slides were cleared with xylenes and cover-slipped with Permount (Thermo

Scientific, Pittsburg, PA) mounting medium.

Generation of GHSR-1a cRNA probes

The GHSR-1a cRNA probes were generated using procedures described in previously

(Chuang et al., 2011a; Scott et al., 2012). Briefly, a 916-bp fragment of GHSR-1a cDNA

was used as template and amplified with GHSR-specific primers (mGHSR1047, 5′-

GTGGTGTTTGCTTTCATCCTC-3′, and mGHSR1962, 5′-

CATGCTCAAATTAAATGCATCC-3′). The PCR products were then gel purified and

cloned in to PCR4-TOPO vector (Life technologies, Carlsbad, CA). Antisense 33P-labeled

cRNA riboprobes were generated by linearizing the plasmid by restriction digestion and

then subjecting to in vitro transcription with either T3 or T7 RNA polymerases according to

the manufacturer’s protocol (Ambion, Austin, TX).

Dual-label in situ hybridization histochemistry and immunohistochemistry

Free-floating sections of mouse brains were subjected sequentially to ISHH and IHC using

procedures reported previously (Elias et al., 1998; Zigman et al., 2006). Sectioned series of

three different mouse brains were first rinsed in DEPC-treated PBS, pH 7.0, and were

pretreated with 0.1% sodium borohydride (Sigma, St. Louis, MO) in DEPC-treated PBS for

15 minutes at room temperature. After thorough washing in DEPC-treated PBS the sections

were rinsed in 0.1 M triethanolamine (TEA, pH 8.0), incubated in 0.25% acetic anhydride in
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0.1 M TEA for 10 minutes, then washed again in 2X saline-sodium citrate buffer (SSC). The

sections were then incubated at 50°C for 16 h with 33P-labeled mouse GHSR riboprobe

diluted to 106 cpm/mL in hybridization solution (Chuang et al., 2011a). Subsequently,

sections were rinsed in 4X SSC and incubated in 0.002% RNase A (Roche Molecular

Biochemicals, Indianapolis, IN) solution for 30 min at 37°C. Sections were then rinsed in

2X SSC and submitted to sequential stringency washes with 2X SSC and 0.2X SSC for 1 h

each at 55°C. After ISHH, IHC for eGFP was performed in the same free-floating sections

as described above. After performing IHC, the sections were mounted onto SuperFrost

slides, air dried and placed in an X-ray cassette with BMR-2 film (Kodak, Rochester, NY)

for 3 days. Following film development and confirmation of signals on autoradiographic

films, slides were dipped in NTB2 photographic emulsion (Kodak) and stored in the dark at

4°C for 2 weeks. The slides were then developed with D-19 developer (Kodak) to precipitate

the silver granules, dehydrated in graded ethanol solution, cleared with xylenes and cover-

slipped with Permount mounting medium.

Photomicrographs and data analysis

Endogenous eGFP fluorescence was examined using a Zeiss microscope (Imager ZI;

Thornwood, NY) attached to an ApoTome System and a digital camera (Axiocam MRm).

Photomicrograph images were taken using AxioVision software installed in a desktop

computer attached to the microscope and the digital camera. Following IHC or dual ISHH

and IHC, the mounted brain sections were viewed with a Zeiss Axioskop microscope using

both brightfield and darkfield optics. Photomicrographs were produced with a Zeiss digital

camera attached to the microscope and a desktop computer. Criteria used to determine co-

localization of eGFP and GHSR mRNA was brightfield visualization of silver granules

overlying the DAB-labeled cell at least 3X the background density of silver granule

deposition. An image editing software program, Adobe Photo-Shop CS5.1 (San Jose, CA),

was used to adjust sharpness, contrast and brightness of the photomicrographs and to pseudo

color fluorescent images taken in grey scale.

Electrophysiology

Hippocampal neurons were harvested on embryonic day 17-18 from GHSR-eGFP mice and

cultured as described previously (Bronk et al., 2007; Raingo et al., 2012). Kv7 potassium

currents were recorded from the primary cultured hippocampal neurons between days 9-13

in vitro at room temperature (22 - 25 °C), using a whole cell patch clamp configuration

using procedures similar to those described previously (Shi et al., 2013). Cells were

superfused with external solution that contained (in mM): 135 NaCl, 4.7 KCl, 1.2 MgCl2,

2.5 CaCl2, 10 HEPES, 10 glucose and 0.001 tetrodotoxin; pH 7.3, adjusted with NaOH. The

pipette solution contained (in mM): 140 K-gluconate, 5 KCl, 5 NaCl, 10 HEPES, 0.6 EGTA,

4 MgCl2, 3 Na2ATP, 0.3 Na2GTP; pH 7.3, adjusted with KOH. Cells were chosen as eGFP+

and eGFP- based on the fluorescence intensity visualized by excitation using UV light with

420 – 490 nM band pass filters fitted to a Zeiss inverted microscope. Slow deactivating Kv7

currents were recorded using a standard deactivation protocol (500 mS hyperpolarizing steps

to -30 mV from a holding potential of -20 mV). Series resistance was less than 5 MΩ during

recording. Digitalized signals were acquired with an Axopatch 200B amplifier (Molecular
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Devices, Sunnyvale, CA) at a frequency of 10 kHz. The recordings were filtered at 5 kHz

and analyzed using pClamp 8.2 software (Molecular Devices).

Hippocampal Cell Isolation and Fluorescence Activated Cell Sorting (FACS)

A combined enzymatic and mechanical dispersion technique was used to isolate

hippocampal cells. For each FACS procedure, a combination of 8–20 week old male and

female GHSR-eGFP transgenic mice was live decapitated and the brains were quickly

removed. The hippocampus was dissected from both the right and left hemispheres of the

brains and placed quickly into ice-cold Hanks Buffered Saline Solution (HBSS). The whole

hippocampi from 3–4 mice were pooled and incubated in 2.5 U/mL Dispase II (Roche

Diagnostic Corporation, Indianapolis, IN) in PBS for 30 min at 37°C. The cells were then

triturated by repeated pipetting. Thereafter, freshly prepared FACS buffer solution (0.5 mM

EDTA, 10% D+ glucose, and 0.3% BSA in HBSS) was added to stop the Dispase action.

Cells were pelleted by centrifuging at 2000 rpm for 10 min at 4°C and re-suspended in

FACS buffer solution before filtering through a 100 μm nylon mesh. The cell suspension

was again filtered twice through a 35 μm filter. The dissociated cells were then analyzed and

sorted with FACSAriaTM (Becton Dickinson, San Jose, CA) at the UTSW Medical Center

Multi-user Core Facility. Cells were sorted into eGFP-enriched population and eGFP-

negative population based on fluorescence intensity using excitation and emission

wavelength of 488 nm and 508 nm, respectively). Data from four independent FACS

preparations were included in the analysis.

RNA Extraction and Quantitative PCR (QPCR)

RNA extraction and quantitative PCR on the sorted eGFP-enriched and eGFP negative pools

were performed similarly to methods reported previously (Walker et al., 2013). The two

pools of cells were adjusted after each FACS separation to contain a matched number of

cells ranging from 18,000 to 43,000. Cells were lysed with RNA STAT-60 (Tel-Test,

Friendswood, TX) and the total RNA was extracted using standard guanidium-phenol-

chloroform phase separation method, followed by precipitation of the pellet using

isopropanol overnight at 4°C. The RNA pellets were washed with 70% ethanol prior to

reconstitution in RNAlater (Ambion, Naugatuck, CT). The relative purity and concentration

of the RNA was determined using a NANODROP 1000 spectrophotometer (Thermo Fisher

Scientific, Waltham, MA). Total RNA was then treated with DNase I (Quiagen, Valencia,

CA), and complementary DNA (cDNA) was synthesized from RNA using Superscript III

reverse transcriptase (Invitrogen, Carlsbad, CA). For qPCR, iTaq SYBR Supermix (Bio-Rad

Laboratories, Hercules, CA) was used for amplification and detection, with 25 ng cDNA

loaded per well. The ABI 7300 Real-time PCR System (Applied Biosystems, Foster City,

CA) was used to determine the mRNA expression level for the genes of interest. Previously

designed and validated primers were used: mGHSR: Forward 5’-

ACCGTGATGGTATGGGTGTCG-3’, Reverse 5’-CACAGTGAGGCAGAAGACCG-3’

(Chuang et al., 2011a); eGFP: Forward 5’-ATCATGGCCGACAAGCAGAAGAAC-3’,

Reverse 5’-GTACAGCTCGTCCATGCCGAGAGT (Godbey et al., 2008); Cyclophilin:

Forward 5-TGGAGAGCACCAAGACAGACA-3’, Reverse 5’-

TGCCGGAGTCGACAATGAT-3’ (Sakata et al., 2009).
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Results

Examination and analysis for the labeling for GHSR-1a mRNA and eGFP in whole brain

Coronal sections of the whole brain from the level of olfactory bulb to the cervical spinal

cord were examined first for endogenous eGFP fluorescence (Figure 1) and then for

immunoreactivity (IR) to eGFP, labeled brown with DAB (Figure 2). The dual ISHH-IHC

validation experiments used the latter method rather than the former due to quenching of the

endogenous fluorescence signal in the course of the dual-label method. For dual ISHH-IHC,

eGFP was labeled brown with DAB and hybridization for GHSR mRNA was demonstrated

by deposition of silver granules (white dots in dark field and black dots in bright field) in the

reporter mouse brain sections (Figure 4). The patterns of eGFP fluorescence (Figure 1) and

eGFP-IR (Figure 2) were comparable (Figure 3), as were the patterns of eGFP-IR when

determined alone (Figure 2) or together with ISHH (Figure 4). There was however, slightly

less intense eGFP-IR labeling when performed together with ISHH. Immunoreactivity to

eGFP was graded based on the relative number of immunoreactive cell bodies within the

brain region. GHSR mRNA expression was estimated based on the density of silver granule

deposition. Both immunoreactivity and in situ signals were graded qualitatively as highest,

high, moderate and low-grade change from the background. Abbreviations used in the text

and in the figures are denoted in Table 2. Nomenclature used for describing the various

nuclei of the brain mostly follows the mouse brain atlas of Paxinos and Franklin (Paxinos

and Franklin, 2004).

Of note, expression of GHSR mRNA observed in the present study is largely in agreement

with GHSR mRNA expression in the mouse brain reported previously (Chuang et al., 2011a;

Perello et al., 2012; Zigman et al., 2006). The in situ GHSR signal strength in a few nuclei,

including the dorsal tegmental nucleus (DTg), magnocellular nucleus of the posterior

commissure (MCPC) and superior salivatory nucleus (Sus), was slightly less prominent in

the present study when compared to the GHSR signal strength observed previously (Zigman

et al., 2006). This may be the result of reduced sensitivity that often accompanies dual label

ISHH/IHC studies, when compared to doing ISHH alone, as well as to a slightly different

GHSR riboprobe.

Olfactory Bulb and Neocortex

Immunohistochemistry showed significant labeling for eGFP in the cell bodies present in the

olfactory bulb, specifically in the glomerular and mitral layers (Figure 2A). However, no

hybridization signal was observed for GHSR mRNA in the olfactory bulb. Cell bodies

within the prelimbic cortex (Figure 2A) and cingulate cortex (Figure 2B) demonstrated

significant expression of eGFP. However, these latter areas did not demonstrate significant

hybridization for the GHSR mRNA and no co-localization was observed with eGFP

expression. More caudally in the cerebral cortex, both the granular and dysgranular areas of

the insular cortex (Figure 2C), ectorhinal cortex (Figure 2H) and piriform cortex (Figure 2H,

2N) also showed distinct expression of eGFP, with very weak or no hybridization observed

for GHSR mRNA in these cortical regions.
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Hippocampus

The CA2 and CA3 fields of Ammon’s horn and the dentate gyrus demonstrated significant

eGFP expression (Figure 2G, 2I and 2N), whereas none was observed in the CA1 field of

Ammon’s horn (Figure 2I). eGFP expression in the CA2 and CA3 regions was

predominantly localized to nerve fibers rather than to cell bodies. Expression of eGFP was

very strong in the dentate gyrus (DG), particularly within the cell bodies of the granular

layer (GrDG) (Figure 2G, 2I, 2N and 3B). The intensity of immunoreactivity to eGFP was

more prominent in the ventral DG as compared to the dorsal DG (Figure 2I and 2N). Weak

hybridization for GHSR mRNA was observed in the hippocampus and DG (Figure 4F1,

4I1). The intensity of hybridization in the hippocampus was variable, but the conclusion

after analyzing all the sections from all cases was that there was significant hybridization

within the granular layer of the dentate gyrus and the pyramidal cell layer (Py) of the

hippocampus (Figure 4F1, 4I1). While both eGFP and GHSR mRNA expression was higher

in the granular DG, co-localization was difficult to determine because of the inability to

demarcate the densely packed immunolabeled cell bodies and because of a relatively sparse

silver granule deposition. Labeling for GHSR mRNA was inconsistent and when present co-

localization with eGFP was poor. The subiculum (S) lacked significant labeling for both

eGFP and GHSR mRNA.

Amygdala, Basal Ganglia and Septum

Robust eGFP-IR was observed in the amygdala (Figure 2H). It was most intense in the

basolateral amygdaloid nucleus, followed by the medial amygdaloid nucleus and then the

cortical amygdaloid nucleus. The central amygdaloid nucleus did not show appreciable

eGFP expression (Figure 2H). No significant hybridization for GHSR mRNA or co-

localization with eGFP was observed in the basolateral amygdala (Figure 4D1, 4D3) or

elsewhere in the amygdaloid nucleus. Cell bodies within the medial globus pallidus showed

significant expression of eGFP (Figure 2H). Of the eGFP positive cell bodies in the medial

globus pallidus, 23% of them showed co-localization with GHSR mRNA expression. No

eGFP expression or hybridization for GHSR mRNA was observed in the horizontal and the

vertical limbs of the diagonal band or the caudate putamen.

Hypothalamus

Several nuclei within the hypothalamus showed strong hybridization to GHSR mRNA. A

very dense signal was observed in the arcuate nucleus (ARC) from the level of 1.34 mm to

2.54 mm caudal to bregma. Nevertheless, the ARC showed no or only faint

immunoreactivity to eGFP (Figure 2J, 2K, 2L, 3D, 4E2 and 4H2). The very few cells that

expressed eGFP, however, showed good co-localization with GHSR mRNA, when

quantified at the level of approximately 1.8 mm caudal to bregma. Cell bodies within the

other regions of the hypothalamus that showed significant eGFP expression included the

anteroventral periventricular nucleus (AVPe), anterior hypothalamic area (AHA) and

dorsomedial hypothalamus (DMH) (Figure 2D, 2E, and 2J). eGFP expression was poor and

inconsistent within the neurons of suprachiasmatic nucleus (Sch), periventricular

hypothalamic nucleus (Pe) and retrochiasmatic area (Rch) (Figure 2F, 4A2, 4B2 and 4C2).

Few cell bodies within the ventromedial nuclei of hypothalamus (VMH) expressed eGFP,
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although eGFP expression within nerve fibers localized to the capsule of the VMH and

ventrolateral aspect of the VMH was observed (Figure 2J, 2K and 4E2). Neurons within the

PMV demonstrated significant immunoreactivity to eGFP (Figure 2L, 4H2). Low density

GHSR signal was observed in all of the above-mentioned extra-arcuate hypothalamic

regions (Figure 4A1, 4B1, 4C1, 4E1 and 4H1), but co-localization with the eGFP expression

was generally poor (< 20%; see Figure 4 and Table 2). No appreciable labeling for eGFP

was observed in the paraventricular nucleus of hypothalamus (PVH; Figure 4B2).

Midbrain and Brainstem

Several nuclei within the midbrain and brainstem contained both eGFP (Figure 2M -2U) and

GHSR mRNA expression (Figure 4J-O). These two signals were mostly overlapping, and in

general, co-localization was highest within these nuclei as compared to other brain regions

(Figure 4J3, 4K3, 4L3, 4M3, 4N3 and 4O3). Neurons within the Edinger-Westphal (EW)

nucleus in the midbrain had the most intense immunoreactivity for eGFP expression

(Figures 2M and 2N) and demonstrated 100% co-localization with GHSR mRNA expression

(Figure 4J3). In contrast, the compact and lateral regions of the substantia nigra (SNC and

SNL) and the ventral tegmental area (VTA) showed significant GHSR mRNA expression,

although this mostly was not co-localized with eGFP-IR (Figure 2M, 2N and 4K3). The few

cells within the SNC and SNL with eGFP-IR did, however, show a moderate level of co-

localization with GHSR mRNA (Figure 4K3). The lateral parabrachial nucleus demonstrated

high expression of both the eGFP and GHSR mRNA signals (Figure 2P, 2Q, 4L1 and 4L2).

Despite the high expression of both eGFP and GHSR mRNA, only 68% of the eGFP-

expressing neurons in the lateral parabrachial nucleus co-localized with signal for GHSR

mRNA (Figure 4L3). The medial parabrachial nucleus demonstrated moderate eGFP

expression, but poor GHSR1a mRNA signal (Figure 2Q). The dorsal raphe nucleus did not

show significantly demonstrable eGFP-IR. A robust signal for GHSR mRNA was observed

over the facial motor nucleus, but no eGFP-IR was observed (Figure 4M1, 4M2 and 4M3).

Other regions of the brainstem expressing eGFP included the superior salivatory nucleus

(SuS), retrorubral field (RRF), pedunclopontine tegmental nucleus (PPT) and raphe magnus

nucleus (RMg) (Figure 2M, 2N, 2O and 2R). Cell bodies with eGFP-IR showed moderate

co-localization with GHSR mRNA in this latter set of regions (Table 2). A scattered

distribution of eGFP-immunoreactive cells was also observed in the tegmental area (Tg) and

periaqueductal gray (PAG) (Figure 2O). The percentage of neurons showing high co-

localization included all three regions of the dorsal vagal complex [area prostema (AP),

nucleus of the solitary tract (NTS), dorsal motor nucleus of the vagus (DMNV)] and the

nucleus ambiguus (AMB) in the hindbrain. Within the AP, expression of eGFP was

prominent along the ventral rim, resembling the letter “V” (Figure 2U, 3F and 4N2). The

number of DMNV cells expressing eGFP was very low (Figure 2U and 4N2).

Cerebellum and cervical spinal cord

Immunoreactivity to eGFP was also observed in cerebellar nuclei, particularly the median,

interposed and the vestibulocerebellar regions (Figure 2S). Nevertheless, no GHSR mRNA

signal was observed in the cerebellum. A few discrete cells within the ventral horn of the

cervical spinal cord demonstrated eGFP-IR (Figure 2V), although no appreciable GHSR

mRNA signal was observed.
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Further analyses of eGFP-positive hippocampal neurons

Several regions in the brain including certain regions of the hippocampus, amygdala,

olfactory bulb and cortex showed robust expression of eGFP but no detectable GHSR

mRNA hybridization signal above background (Figure 4; Table 2). From those sites, we

chose the hippocampus to further test the validity of eGFP expression, using both

quantitative RT-PCR and electrophysiology. GHSR mRNA expression, as assessed using

quantitative RT-PCR, was determined in FACS-separated hippocampal cells. eGFP-

enriched cell pools demonstrated a 3.3-fold enhancement of GHSR mRNA expression as

compared to eGFP-negative pools (Figure 5). Furthermore, we assessed GHSR-dependent

ghrelin suppression of Kv7 currents in eGFP-positive and eGFP-negative cells isolated and

cultured from embryonically-derived hippocampi. Of the cells tested, 8 out of 8 eGFP-

positive cells responded to ghrelin (500 nM), but only 1 out of 13 eGFP-negative cells

responded to ghrelin (Figure 6). The mean current densities before and after addition of

ghrelin were 60.2 ± 14.6 pA and 28.8 ± 6.2 pA respectively in eGFP-positive cells and 60.2

± 13.5 pA and 50.6 ± 7.0 pA respectively in eGFP-negative cells.

Discussion

Although GHSR expression has been studied in several species including mice, rat, rhesus

monkey, and lemurs (Bennett et al., 1997; Bron et al., 2013; Guan et al., 1997; Howard et

al., 1996; Kamegai et al., 1999; Mitchell et al., 2001; Sun et al., 2007; Tong et al., 2011;

Zigman et al., 2006), mouse models are becoming the mainstay due to ease of use and

versatility for transgenic approaches. In the present study, we comprehensively examined

the validity of eGFP expression as a reporter for GHSR expression in the brains of a

transgenic GHSR-eGFP reporter line. This was accomplished by performing detailed dual

label histochemistry studies, determining the co-localization of GHSR type 1a mRNA

expression within eGFP-expressing cells of the brain. A closer examination of eGFP cells

was performed in the hippocampus, using quantitative PCR and electrophysiology. In

general, we found eGFP expression to be somewhat variable as compared to GHSR mRNA

expression as determined by ISHH. As will be discussed below, eGFP expression seemed to

faithfully mark most GHSR-expressing cells in the brainstem. In certain other areas

including the hippocampus, the eGFP signal seemed more sensitive than GHSR mRNA

signal in detecting GHSR-expressing neurons. On the other end of the spectrum, GHSR

expressing neurons throughout the hypothalamus and in certain midbrain nuclei were mostly

underrepresented by eGFP expression.

To our knowledge, two other GHSR reporter mouse models have been reported previously.

One is a GHSR-knockout mouse model in which the GHSR coding region was replaced by

the lacZ coding sequence, resulting in β-galactosidase expression in the place of GHSR

expression (Diano et al., 2006; Rediger et al., 2011; Tong et al., 2011). Thus, β-

galactosidase-IR or β-galactosidase-catalyzed cleavage of X-gal, which results in blue

coloration, report on the location of cells that would otherwise normally express GHSRs. A

disadvantage of the GHSR-knockout mouse as a reporter is that the cells of interest would

not be viable after the processing needed for histochemial detection, nor would they contain

GHSRs. Another knock-in reporter mouse, generated by integrating IRES-tauGFP in to the
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Ghsr gene, has also been reported (Jiang et al., 2006). While expression of the reporter

genes in these two models has been discussed for a few brain regions (as discussed below),

comprehensive characterizations of these models have yet to be published.

The GHSR-eGFP reporter mouse model utilized in the present study mimics GHSR mRNA

expression as determined by ISHH in several nuclei within the brainstem including the

dorsal motor nucleus of the vagus, lateral parabrachial nucleus, Edinger-Westphal nucleus

and nucleus ambiguus (Figure 4). The expression of eGFP in these regions is in agreement

with the GHSR expression reported in previous studies (Perello et al., 2012; Scott et al.,

2012; Zigman et al., 2006). Thus, within those brainstem nuclei, the GHSR-eGFP model

faithfully reports GHSR expression. However, some midbrain regions including the VTA,

and facial motor nucleus did not show appreciable eGFP expression, in contrast to the

notable GHSR mRNA expression observed in the present (Figure 4) and previous studies

(Chuang et al., 2011a; Perello et al., 2012; Scott et al., 2012; Zigman et al., 2006).

Neither the present study (Figure 4) nor previous studies (Guan et al., 1997; Zigman et al.,

2006) that utilized in situ hybridization with radiolabeled probes detected expression of

GHSR mRNA in the olfactory bulb, cortex and the amygdala. However, the present study

observed significant expression of eGFP protein in these brain regions, which is similar to

the GHSR expression pattern detected in a recent mouse study with binding of biotin-labeled

ghrelin (Tong et al., 2011). Another recent study demonstrated very dense GHSR mRNA

expression using in situ hybridization in the ventrolateral and ventromedial amygdala of rat

brain (Alvarez-Crespo et al., 2012). The same authors also demonstrated that ghrelin

suppresses excitatory post-synaptic potentials in the large pyramidal-like cells within the

amygdala. Similarly, GHSR mRNA expression and/or function has been shown in

basolateral nuclei of mouse amygdala (Walker et al., 2012) and central nuclei of rat

amygdala (Cruz et al., 2013; Landgren et al., 2011). Examination of the brain sections from

Ghsr-IRES-tauGFP reporter mice also observed GFP reporter fluorescence in the amygdala,

entorhinal cortex and olfactory tubercle (Jiang et al., 2006). Taken together, these

observations suggest that eGFP expression in some brain regions of GHSR-eGFP mice,

including the amygdala, olfactory bulb and certain cortical regions (Figure 1; Figure 2),

where no obvious GHSR mRNA expression was observed using ISHH, likely accurately

represents GHSR expression.

There are several possible explanations for the observation in certain brain regions of eGFP

signal without corresponding GHSR mRNA signal. As mentioned, ISHH using radiolabeled

riboprobes can be less sensitive, especially when used in dual-label studies. Another

possible explanation for the efficient detection of eGFP, but not GHSR mRNA, in these

brain regions could be the longer half-life of eGFP (>24 hours) within the cell (Corish and

Tyler-Smith, 1999; Li et al., 1998) compared to the less stable, shorter-lived GHSR mRNA,

with a half-life of 8 hours (Kamegai et al., 2001). Also of note, transgenic mouse models

often contain multiple copies of the transgene (Gong et al., 2003), which could contribute

stronger immunoreactive signals for eGFP. Therefore, although not previously nor routinely

appreciated using other methods, the eGFP signal in the GHSR-eGFP mouse does appear to

more sensitively report on the location of GHSR-expressing neurons in several forebrain

regions. This conclusion is further supported by the high relative quantitative RT-PCR-
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determined GHSR mRNA expression (Figure 5) and responsiveness to ghrelin determined

by electrophysiology (Figure 6) in eGFP-enriched hippocampal cells compared to eGFP-

negative hippocampal cells. Electrophysiological responsiveness to ghrelin in hippocampal

neurons is dependent on GHSR expression as recently observed in neurons from

hippocampus, substantia nigra and dorsal root ganglia (Shi et al., 2013). The higher intensity

of eGFP labeling in the ventral DG compared to the dorsal DG also parallels the higher

GHSR mRNA expression detected by quantitative RT-PCR in the ventral DG compared to

the dorsal DG (Walker et al., 2014).

A major limitation in the utility of these reporter mice is their markedly reduced eGFP

expression within certain areas of known GHSR expression, most notably the hypothalamus,

including the ARC, Sch, VMH, DMH and the PMV (Figure 4). Indeed, there is almost no

immunoreactivity to eGFP in the ARC, where the silver granule deposition is perhaps the

densest (Figure 4E1 and 4H1). The number of eGFP-immunoreactive cells detected in the

ARC represents only a small fraction of those ARC neurons reported to respond to

stimulation of GHSR by enhanced expression of c-fos (Dickson and Luckman, 1997;

Nakazato et al., 2001; Scott et al., 2012). Therefore, we conclude that eGFP expression

underrepresents GHSR expression in the ARC and other hypothalamic regions.

The observed poor eGFP expression in these brain regions is a known potential limitation of

transgenic reporter mice generated by non-site specific insertion of the reporter construct in

to the mouse genome. In this case, the transgenic targeting construct used to generate the

GHSR-eGFP line included the eGFP coding sequence flanked by at least 100 kb sequence

both upstream and downstream of the GHSR translational start codon. Thus, the targeting

construct theoretically contained sufficient GHSR regulatory sequence to preserve the

promoter specificity. However, the random insertion process, the inclusion of other potential

genes or unrelated regulatory elements within the BAC construct, and the potential presence

of multiple copies of the inserted transgene and a resultant overexpression of unintended

genes within the BAC nonetheless can still potentially change the expected transcriptional

regulation of the transgene (Matthaei, 2007; Yang and Gong, 2005).

Another inherent constraint associated with eGFP reporter mice involves potential

differences in intracellular targeting of the native mRNA and/or translated protein vs that of

eGFP. The targeted trafficking and redistribution of certain mRNA species to specialized

structures of neurons such as dentritic spines as opposed to the soma, enables local on-

demand protein synthesis and supports processes specific to those structures. e.g.

development of synaptic plasticity (Goldie and Cairns, 2012; Kelly and Grote, 1993).

Contrarily, the reporter eGFP protein is soluble, non-targeted and therefore distributed

throughout the entire neuron. While this may be advantageous in certain settings, for

instance neuronal tracing studies (Feng et al., 2000), the diffuse distribution of the eGFP

protein within the neuron could contribute to some of the mismatch observed when

comparing the distributions of GHSR mRNA and eGFP expression. These drawbacks

highlight the importance of careful characterization of reporter models. Of note, this GHSR-

eGFP mouse model has already been used in a few studies investigating GHSR-expressing

cells. Using expression of eGFP as a marker, GHSR expression has been reported in the

lateral mammillary nucleus of the hypothalamus (Callaghan et al., 2012), AVPe (Smith et
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al., 2013), intermediolateral cell nucleus (IML) of the lumbar spinal cord (Furness et al.,

2011) and distal tubules of nephron (Callaghan et al., 2012; Venables et al., 2011). In the

AVPe, 44% of the eGFP-expressing cells co-labeled with GHSR mRNA (Smith et al.,

2013). While Venables et al. did not report direct co-localization of eGFP with GHSR

mRNA, they demonstrated that the expression of eGFP protein was similar to the pattern of

GHSR mRNA distribution in the distal tubules (Venables et al., 2011). Given the

shortcomings of the GHSR-eGFP model to report GHSR expression in several regions of the

brain, as described in the current report, it likely would be prudent to also validate the model

in areas outside the brain.

In conclusion, the GHSR-eGFP mouse model faithfully reflects GHSR expression in several

nuclei within the brainstem. A major constraint in the utility of the reporter mice is its poor

representation of GHSR expression within the hypothalamus. Expression of eGFP observed

in the hippocampus, amygdala, olfactory bulb, and some cortical areas seems to represent

regions with low GHSR expression, previously not demonstrable using traditional in situ

hybridization techniques. Thus, although the GHSR-eGFP mouse line is not a perfect

reporter, the detailed validation reported here should instill confidence in future

investigations that aim to use the eGFP signal to mark the location of GHSR expressing

neurons in many important CNS sites.
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Figure 1.
Series of representative photomicrographs demonstrating the endogenous fluorescence

expression pattern in coronal sections of GHSR-eGFP mouse brain. Scale bars = 100 μm in

A (applies to A–H), P (applies to I–P) and X (applies to Q–X). Approximate distance of the

coronal section from bregma (B) is indicated in each photomicrograph. 3V- Third ventricle,

GrDG- Granular layer of Dentate Gyrus. See Table 2 for explanation of other abbreviations.
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Figure 2.
Series of low-power bright-field representative photomicrographs summarizing eGFP

immunoreactive sites in the coronal sections of GHSR-eGFP mouse brain. Scale bars = 500

μm in F (applies to A–F), L (applies to G–L), R (applies to M–R) and V (applies to S–V).

Approximate distance of the coronal section from bregma (B) is indicated in each

photomicrograph. GrDG- Granular layer of Dentate Gyrus. See Table 2 for explanation of

other abbreviations.
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Figure 3.
High-power photomicrographs of representative GHSR-eGFP mouse brain coronal sections

showing side-by-side comparison of endogenous eGFP fluorescence (A, C and E) as

opposed to eGFP immunoreactivity (B, D and F). Scale bars = 100 μm in F (applies to A–F).

Approximate distance of the coronal section from bregma (B) is indicated in each

photomicrograph. 3V- Third ventricle. See Table 2 for explanation of other abbreviations.
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Figure 4.
Series of high-power dark-field (left panel; indicated by the number “1”) and bright-field

(middle panel; indicated by the number “2”) representative photomicrographs showing

labeling for GHSR-1a mRNA and eGFP, respectively, in the same coronal sections

(indicated by the same alphabetical letters and arranged in the same row) of the GHSR-

eGFP mouse brain. Photomicrographs in the right panel (indicated by the number “3”) show

the magnified bright-field images of the boxed areas in the middle panel in the same row,

demonstrating co-localization of eGFP-immunoreactivity (indicated by brown color) with

GHSR-1a mRNA (indicated by overlaying black silver granules). These photomicrographs

focus on the overlaying silver granules and therefore, the eGFP-immunolabel in the

background is out of optimal focus. Right facing black arrows indicate examples of neuronal

cell bodies doubly labeled with eGFP and GHSR-1a mRNA. Left facing arrows indicate
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examples of neuronal cell bodies labeled with eGFP, but absence of significant labeling for

GHSR-1a mRNA. Asterisks indicate brain regions with no appreciable labeling for eGFP,

but significant labeling for GHSR-1a mRNA. Scale bars = 100 μm in E2, J2, O2 applies to

all of the left panels and middle panels; Scale bars = 20 μm in E3, J3, O3 applies to all the

photomicrographs in the right panels. Distance of the coronal section from bregma (B) is

indicated in each photomicrograph. GrDG- Granular layer of Dentate Gyrus, Py- Pyrimidal

layer of hippocampus. See Table 2 for explanation of other abbreviations.
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Figure 5. Expression of GHSR mRNA within FACS-separated eGFP-enriched and eGFP-
negative hippocampal neurons
Relative GHSR mRNA expression in the FACS-separated pools was determined by qRT-

PCR, normalized to expression of the housekeeping gene cyclophilin and mathematically

adjusted to the lowest expressed level, set as one (ΔΔCT method). Values are expressed as

mean ± S.E, n=4 independent experiments. *p<0.05, significant change in GHSR mRNA

expression. Data was analyzed by student’s “t” test.
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Figure 6. Effect of ghrelin on Kv7 currents in eGFP-expressing cultured embryonic hippocampal
neurons
A. Representative current traces measured using deactivation voltage protocol in cultured

hippocampal eGFP-positive (left panel) or eGFP-negative (right panel) cells, before

(control) and after application of 500 nM ghrelin. Grey dashed line indicates the current

measured at -20 mV holding voltage before application of ghrelin. B. Kv7 current (IK)

amplitude before (control) and after application of ghrelin in eGFP-positive (left panel; n=8)

or eGFP-negative (right panel; n=13) cells (line with open circle represents the only eGFP-

negative cell that responded to ghrelin). Values are expressed as mean ± SEM. *P<0.01,

significant change in current amplitude. n.s; not significant. Data was analyzed by student’s

“t” test.
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