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Abstract

The serotonin 2A (5-HT2A) and metabotropic glutamate 2 (mGlu2) receptors regulate each other 

and are associated with schizophrenia. The Roman high- (RHA-I) and the Roman low- (RLA-I) 

avoidance rat strains present well-differentiated behavioral profiles, with the RHA-I strain 

emerging as a putative genetic rat model of schizophrenia-related features. The RHA-I strain 

shows increased 5-HT2A and decreased mGlu2 receptor binding levels in prefrontal cortex (PFC). 

Here, we looked for differences in gene expression and transcriptional regulation of these 

receptors. The striatum (STR) was included in the analysis. 5-HT2A, 5-HT1A, and mGlu2 mRNA 

and [3H]ketanserin binding levels were measured in brain homogenates. As expected, 5-HT2A 

binding was significantly increased in PFC in the RHA-I rats, while no difference in binding was 

observed in STR. Surprisingly, 5-HT2A gene expression was unchanged in PFC but significantly 

decreased in STR. mGlu2 receptor gene expression was significantly decreased in both PFC and 

STR. No differences were observed for the 5-HT1A receptor. Chromatin immunoprecipitation 

assay revealed increased trimethylation of histone 3 at lysine 27 (H3K27me3) at the promoter 

region of the HTR2A gene in the STR. We further looked at the Akt/GSK3 signaling pathway, a 

downstream point of convergence of the serotonin and glutamate system, and found increased 
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phosphorylation levels of GSK3β at tyrosine 216 and increased β-catenin levels in the PFC of the 

RHA-I rats. These results reveal region-specific regulation of the 5-HT2A receptor in the RHA-I 

rats probably due to absence of mGlu2 receptor that may result in differential regulation of 

downstream pathways.
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Introduction

The inbred Roman low- and high-avoidance rat strains (RLA-I vs. RHA-I) derive from the 

Swiss sublines (RHA/Verh and RLA/Verh), which have been bidirectionally selected and 

bred since 1972 based on their divergent performance on the two-way active avoidance 

response in the shuttle box [1, 2]. Along the last decades, they have been extensively 

behaviorally phenotyped with each strain presenting specific characteristics associated with 

their different coping styles and stress responses: The RLA-I rats are more anxious and 

fearful, with a more passive coping when facing conflicts, while RHA-I rats display a more 

active coping response [1–5]. What is moreover interesting is that the RHA-I rats show 

features which suggest deficits in executive function. They are more prone to substance 

abuse [6, 7]; show a high degree of impulsivity; and demonstrate attentional deficits [8, 9], 

worse learning-memory capacity [10], and deficits in sensorimotor gating processes, shown 

by deficits in prepulse inhibition (PPI) of a startle response [3, 10]. These behavioral deficits 

are all traits associated with schizophrenia [11–15] and are even present before the 

manifestation of the disorder [16]. Together, these observations point towards the RHA-I as 

a good model of schizophrenia-relevant features, which is further supported by additional 

neurobiological alterations. The RHA-I, when compared to the RLA-I, shows an enhanced 

dopaminergic response to drugs and anxiogenic stimuli in striatal and prefrontal cortex areas 

[17, 18], probably due to lower availability of the D2 autoreceptor and thereby increased 

dopaminergic tonus [19]. Besides, this is accompanied by enhanced serotonin (5-HT) release 

in cortical areas [20].

The serotonin 2A (5-HT2A) receptor is strongly linked to several of the behavioral 

manifestations associated with schizophrenia [21]. This receptor is the site of action of 

hallucinogens, like psilocybin and lysergic acid diethylamide (LSD) [22, 23], as well as of 

atypical anti-psychotics [23, 24], whereby they exert their effect onto cognitive processes 

embraced by executive function [21, 25, 26]. The metabotropic glutamate 2 (mGlu2) 

receptor interacts with the 5-HT2A receptor inducing intracellular Ca2+ release [27] and 5-

HT2A receptor-mediated hallucinogenic effects [22, 27, 28], through the formation of 

heteroreceptor complexes at the postsynaptic site [27]. This functional heterodimer has been 

implicated in the etiology of schizophrenia [23, 29] and in mediating anti-psychotic 

responses [30]. The 5-HT2A and mGlu2 receptors modulate each other not only at the 

membrane level, but also at the transcriptional level by inducing epigenetic modifications at 

the promoter region [30, 31]. This implies that the 5-HT2A and mGlu2 receptors presumably 
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compensate to innate or developmental-induced receptor alterations through epigenetic 

control of their expression levels. Abnormal variations in epigenetic regulation have been 

associated with schizophrenia [32–36]. This is interesting, as epigenetic regulation is 

reversible and can be modulated with drug treatments, opening up for new treatment 

strategies in schizophrenia [37].

The RHA-I strain shows increased 5-HT2A receptor binding and decreased mGlu2 receptor 

protein levels in prefrontal cortical regions compared to RLA-I [9], which corresponds well 

to that observed in brains of schizophrenia patients [29]. Further, cortical 5-HT2A levels 

correlate positively with number of premature responses in the five-choice serial reaction 

time task (a measure of impulsivity) in the RHA-I, which points towards a role of this 

receptor in some of the behavioral features defining this strain [9]. Here, we wanted to 

further delve into these observations and investigate to what extent differences in gene 

expression regulation between the RHA-I and the RLA-I are accountable for the receptor 

alterations. Besides the prefrontal cortex (PFC), we included striatum (STR) in the analysis, 

as this is an area highly related to schizophrenia [38]. Our main interest was to look at 

expression levels and epigenetic modifications of the 5-HT2A and mGlu2 receptor genes in 

these two regions. The 5-HT1A receptor was also included in order to determine whether 

changes were 5-HT2A specific or the result of more upstream changes in the serotonergic 

input. To further investigate whether mutual variations in 5-HT2A and mGluR2 receptors 

could translate into differences in intracellular transduction mechanisms, we looked at 

components of the Akt/GSK3 pathway, since this signaling pathway has been proposed as a 

point of convergence of glutamatergic and serotonergic input and is involved in 

schizophrenia pathophysiology [39–41].

Materials and Methods

Animals

A total of 20 male Roman high-avoidance (RHA-I) and 20 male Roman low-avoidance 

(RLA-I) rats were used in this study. All rats came from the breeding colony of inbred 

Roman strains established in 1996 at the Department of Psychiatry and Forensic Medicine, 

Autonomous University of Barcelona, Spain. Rats were housed in pairs of the same sex and 

strain in Makrolon cages (50 × 25 × 14 cm) and maintained with food and water ad libitum 

under standard conditions of temperature (22 ± 2 °C), humidity (50–70%), and a 12-h light-

dark cycle (lights on at 08:30 h). All animals were sacrificed in accordance with the Spanish 

Royal Decree (RD 53/2013) for the protection of experimental animals and with the 

European Communities Council Directive (2010/63/EU) at approximately 4 months of age. 

One group of rats consisting of 12 RHA and 12 RLA rats was used for the gene expression, 

receptor binding, and western blot analysis. Here, their brains were removed and PFC and 

STR dissected out into two pieces and immediately frozen in liquid nitrogen and kept at 

−80 °C until further use. A second group of animals consisting of eight RHA and eight RLA 

rats was used for the chromatin immunoprecipitation analysis. Here, their brains were 

removed; PFC and STR were dissected out and immediately processed for protein cross-

linking in order to be used for the chromatin immunoprecipitation assay (see further in the 
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following). Further, the hippocampus was dissected for performing the DNA sequencing 

analysis.

RNA Extraction and Reverse Transcription Synthesis

RNAwas extracted from PFC and STR tissues using the commercially available 

NucleoSpin®RNA/Protein kit (Macherey-Nagel, cat. no. 740933). Tissue samples 

(approximately 10 μg) were treated according to the manufacturer’s protocol in an RNase-

free environment. Ten millimolar DTT was additionally added to the provided lysis buffer. 

Additionally, RNA samples were subjected to DNAse treatment using the Turbo DNA-

free™ kit (Ambion, cat. no. AM1907). RNA integrity number (RIN) and concentration were 

determined using the 2100 Agilent Bioanalyzer (Agilent Technologies, Palo Alta, CA, 

USA). Only samples with a RIN value >5 were included in the analyses following 

recommendations by [42]. The purified RNA was reverse transcribed into complementary 

DNA (cDNA) using qScript cDNA SuperMix kit (Quanta Biosciences, cat. no. 95048). In 

short, 500 ng of purified RNA from each sample, adjusted to a total volume of 16 μL RNase/

DNase-free water, was mixed with 4 μL of the qScript cDNA SuperMix (5×). The reverse 

transcription cDNA synthesis was run according to the manufacturer’s protocol at 25 °C for 

5 min, 42 °C for 30 min, and 85 °C for 5 min. To check for gDNA contaminations, a 

negative control of RNA from which the reverse transcription step had been omitted was 

included for each sample analysis. One hundred nanograms of Universal Rat Reference 

RNA (Agilent Technologies, cat. no. 740200) was reverse transcribed along with the 

samples and used as plate variance control as well as positive control. cDNA samples were 

kept at −80 °C until further use.

Reverse Transcriptase Semiquantitative RT-qPCR

The real-time polymerase chain reaction (RT-qPCR) experiments were performed according 

to the Minimum Information for Publication of Quantitative Real-Time PCR Experiments 

(MIQE) guidelines [43]. The following primer sets were used: 5-HT2A: F = 5′-CCA CAG 

CCG CTT CAA CTC-3′ and R = 5′-GCA GCT CCC CTC CTT AAA GA-3′; mGluR2: F 

= 5′-GTG GTG ACA TTG CGC TGT AA-3′ and R = 5′-GCG ATG AGG AGC ACA TTG 

TA-3′; 5-HT1A: F = 5′-ATC AGC AAG GAC CAC GGC TAC A-3′ and R = 5′-TGT CCG 

TTC AGG CTC TTC TTG G-3′; GAPDH: F = 5′-CAT CAA GAA GGT GAA GCA-3′ 
and R = 5′-CTG TTG AAG TCA CAG GAG ACA-3′; RpL13: F: 5′-AGC AGC TCT TGA 

GGC TAA GG-3′ and R = 5′-GGG TTC ACA CCA AGA GTC CA-3′. One hundred-

nanogram cDNA per sample was mixed with the corresponding concentrations of primer 

sets (300 nM for 5-HT2A, mGluR2, GAPDH, RpL13, and 500 nM for 5-HT1A), RNase-

free water, and Fast SYBR® Green Master Mix (Applied Biosystems, cat. no. 438512) 

according to the protocol. All samples were run in duplicates. To compare the multiple 

samples between the assays, a calibrator, Universal Rat Reference cDNA, and a negative 

control were included in each run. All qPCR reactions were run on a Stratagene Mx3005P 

qPCR system (Applied Biosystems) using a standardized 40-cycle Fast SYBR Green 

program with annealing/acquisition segments adjusted for each primer sets: GAPDH and 

RpL13, 60 + 72 °C; 5-HT1A, 62 + 82 °C; 5-HT2A, 58 + 76 °C; and mGluR2, 60 °C. 

Expression levels of housekeeping genes (GAPDH and RpL13) did not differ across groups.

Fomsgaard et al. Page 4

Mol Neurobiol. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Radioligand Binding Assay

For obtaining membrane homogenates, tissue samples from PFC and STR were 

homogenized in 5 mM Tris-HCl buffer containing 0.25 M sucrose. The homogenates were 

centrifuged at 1000×g for 10 min at 4 °C. The pellet was discarded and the supernatant 

centrifuged again at 40,000×g for 10 min. The remaining pellet was washed twice in 

homogenization buffer while spun in between and after at 40,000×g for 20 min and finally 

resuspended in appropriate amount of homogenization buffer and spun again at 14,000 rpm 

for 15 min at 4 °C. The final pellet was kept at −80 °C until use. For the radioligand binding 

assays, a single-concentration assay with [3H]ketanserin (cat. no. NET-791, 63.3 Ci/mmol, 1 

mCi/mL) was used for determining maximum 5-HT2A receptor binding. The membrane 

pellets were thawed on ice, resuspended with a syringe (27G1/2) in 1 mL Tris-HCl, and 

diluted to a total volume of 13 mL Tris-HCl. Samples were hereafter incubated for 60 min at 

37 °C and filtered with polyethylenimide 0.5% (5 mL/500 mL) and washed twice with Tris-

HCl. Binding assays were performed on 400 μL of the membrane suspension and 5 nM 

[3H]ketanserin in triplicates, with or without 50 μL methysergide (10-μM final 

concentration) to control for non-specific binding. Radioactivity was measured using the 

Liquid Betaplate Scintillation counter (Wallace SC/9200/21, PerkinElmer 1205-440).

Protein Cross-Linking and Chromatin Immunoprecipitation

Prior to the chromatin immunoprecipitation assay, proteins were cross-linked to the DNA 

following a specific protocol. In short, once dissected, PFC and STR were placed 

immediately in a 15-mL centrifuge tube containing a solution of PBS (pH 7.4) with 1% 

formaldehyde and kept at room temperature (RT) for 20 min. The reaction was stopped by 

the addition of 10× glycine (G8898-500G) to a final concentration of 0.125 M and 5-min 

incubation at RT. The samples were centrifuged at 1500×g for 5 min at 4 °C, and the 

supernatant was discarded. Pellets were resuspended in 1 mL cold PBS, containing a 

Protease Inhibitor Cocktail (Sigma #P8340, 1000× dilution), and transferred to a 1.5-mL 

Eppendorf tube. Samples were centrifuged at 1500×g for 5 min at 4 °C, and the supernatant 

was discarded. Pellets were kept at −80 °C until further use.

The EZ-Magna ChIP™ A kit (cat. no. 17-408, Millipore) was used for the chromatin 

immunoprecipitation. Samples were thawed and prepared according to the manufacturer’s 

instructions. The samples were incubated overnight at 4 °C with the A magnetic protein 

beads (Millipore) and one of the following primary antibodies: rabbit anti-acetyl histone H3 

(Millipore, cat. no. 06-599B), rabbit anti-trimethyl histone H3 (Lys27) (Millipore cat. no. 

07-449), or normal rabbit IgG (Millipore, cat. no. PP64B). Twenty microliters of each 

sample was kept as input control and not incubated with antibody. The next day, the samples 

were placed in a magnetic separator (Millipore cat. no. 20-400), whereby the protein-bound 

magnetic beads were isolated and washed in Salt Immune Complex Wash Buffer. Both input 

control and immunoprecipitated samples were then eluted with the ChIP elution buffer 

containing proteinase K and incubated at 62 °C for 2 h, in order to purify the DNA from the 

bound proteins. The samples were further incubated at 95 °C for 10 min and kept at RT for 

10 min. The magnetic beads were removed from the solution with the magnetic separator 

and samples transferred to Spin Filters to be further spun for 30 s at 12,000 rpm twice after 
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addition of the elution reagent provided by the kit, in order to elute the DNA. DNA was kept 

at −20 °C if not analyzed immediately.

qPCR Analysis of Immunoprecipitated DNA

Three primer sets for each gene of interest, covering respectively the 1.4-kb upstream, 

promoter, and exon regions, were designed (Fig. 1). For the gene of reference, GAPDH, only 

the promoter area was amplified. Primer sets were as follows: 5-HT2A-1.4 kb upstream: F = 

5′-ACT GGT GTG GGC TAG AAG TGC-3′ and R = 5′-GAG GGG CGA AGT GTG AGA 

AAA-3′; 5-HT2A promoter: F = 5′-CAC GTT TGT TCC CCG AAT TAC-3′ and R = 5′-

GAT TAT GCC TCC CTT CAC GGT-3′; 5-HT2A exon 1: F = 5′-TTC GGA AGC ATC 

GAA CTG GA-3′ and R = 5′-AGA ATG GAG AGG GCA TGT CGG-3′; mGluR2–1.4 kb 

upstream: F = 5′-GTG TCT GTC TCC CCA GCT TTC-3′ and R = 5′-AAT GGG AGA 

CAA GGT GGC AG-3′; mGluR2 promoter: F = 5′-ATT CAG CAC CAC AAG GTG GAC 

A-3′ and R = 5′-CAA TTT GGC CTG CAC CTC TCG C-3′; mGluR2 exon 2: F = 5′-ATG 

AGC ACC GAG GCATAC AG-3′ and R = 5′-GAT GCG GTC CAG TGC AAA AA-3′; 5-

HT1A 1.4 kb upstream: F = 5′-CGG GTG CTG AAC CAA ATT TCA-3′ and R = 5′-TTG 

GTG GCA TCC CTT GTC TT-3′; 5-HT1A promoter: F = 5′-CTT CGC CCG AGC AAG 

TAA GA-3′ and R = 5′-TTC AGA GGG AGG GGA TCC AG-3′; 5-HT1A exon 1: F = 5′-

TCC ACT TTC GGC GCT TTC TA-3′ and R = 5′-TGA CAG TCT TGC GGA TTC 

GG-3′; GAPDH promoter: F = 5′-AAC CCT CAT CCG GTC ACT TCC-3′ and R = 5′-

CGA GTA GCT GGG CCT CTC TCA 3′. Primers were optimized for use with PowerUp™ 

SYBR® Green Master Mix (Thermo Fisher Scientific Inc., cat. no. A25742). All qPCR 

reactions were run with the Applied Biosystems® QuantStudio™ 6 Flex Real-Time PCR 

System (cat. no. 4485699) on the recommended 40-cycle program for use with the 

PowerUp™ SYBR® Green Master Mix. Each reaction was performed in quadruplicates 

along with no template control. All reactions were confirmed to generate a single product by 

melting curve analysis. Calculations were based on previous publications on ChIP 

experiments [31, 44].

Western Blotting

Protein lysates were extracted from PFC and STR tissues using the commercially available 

NucleoSpin®RNA/Protein kit (Macherey-Nagel, cat. no. 740933). A total volume of 15 μL 

(containing 10 and 20 μg of protein) from each sample was loaded onto 4–20% 17-well 

Precast RunBlue SDS gels (Expedeon, cat. no. NXG42027K). An equal amount of protein 

from a pooled sample was used as a calibrator on each gel. A protein ladder (Novex® Sharp 

Pre-stained Protein Standard, Life Technologies, cat. no. LC5800) was used as a molecular 

weight marker. The proteins were transferred to a polyvinylidene fluoride (PVDF) Transfer 

Membrane (Thermo Scientific, cat. no. 88518), using a Trans-Blot® semidry cell (Bio-Rad, 

USA) for 60 min, using a 200-mA/membrane constant current. The membranes were 

blocked for 1 h in PBS pH 7.4 supplemented with 0.1% Tween 20 (PBST) and 5% skimmed 

milk when detecting non-phosphorylated proteins and in Tris buffer saline with 0.1% Tween 

20 (TBST) and 5% BSA when detecting phosphorylated proteins. The membranes were 

incubated separately overnight at 4 °C on a 3D shaker with the following primary 

antibodies: GSK3α/β (sc-7291, mouse monoclonal, Santa Cruz Biotechnology Inc., 1:200), 

p-Tyr216-GSK3β (sc-135653, rabbit polyclonal, Santa Cruz Biotechnology Inc., 1:300), p-
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GSK3β (ser9) (sc-11757, goat polyclonal, Santa Cruz Biotechnology Inc., 1:500), Akt 

(#9272, rabbit polyclonal, Cell Signaling Technology Inc., 1:1000), p-Ser 473-Akt (#9271, 

rabbit polyclonal, Cell Signaling Technology Inc., 1:1000), β-catenin (sc-7963, mouse 

monoclonal, Santa Cruz Biotechnology Inc., 1:200), and GAPDH (sc-25778, rabbit 

polyclonal, Santa Cruz Biotechnology Inc., 1:500). The membranes were then washed 3 × 

15 min in either PBST or TBST. The membranes were incubated with either goat anti-rabbit 

(ab97051, Abcam plc., 1:8000) or goat anti-mouse (ab97023, Abcam plc., 1:8000) for 1 h at 

RT. After incubation, the membranes were washed 3 × 15 min in either PBST or TBST and 

rinsed in PBS or TBS followed by a rinse in distilled water. For the chemiluminescent 

development, the HRP reactive SuperSignal® West Dura Extended Duration Substrate 

(Thermo Scientific, cat. no. 34075) was used. Blots were scanned in the G:BOX iChemi XR 

Image Analyzer (Syngene, Synoptics Ltd., UK) for the visualization of protein bands. 

Densitometry quantification was performed using the Syngene GeneTools software 

(Syngene, Synoptics Ltd., UK). Proteins of interest were normalized to GAPDH and the 

amount of protein for each sample calculated in relation to total pooled protein used as a 

calibrator on each gel. GAPDH band intensity did not differ across groups.

In regard of the mGlu2 receptor western blot experiments, these were performed as 

previously reported with minor modifications [30]: briefly, frontal cortex membrane 

homogenates (see previously mentioned) were loaded onto a polyacrylamide gel (12%) and 

submitted to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After transfer to 

nitrocellulose membranes, blocking with 2.5% non-fat dry milk and 0.5% BSA in TBST 

buffer (Tris-buffered saline and 0.05% Tween 20) was followed by incubation with primary 

antibody (mGlu2: Abcam ab15672; 1:1000) for 90 min at RT. Incubation with the secondary 

antibody coupled to peroxidase (Amesham Biosciences) was performed at RT for 90 min. 

Immunoreactive proteins were visualized with enhanced chemiluminiscence (Thermo 

Scientific) according to the manufacturer’s instructions. In each case, the blots were stripped 

and reprobed for a control protein (β-actin: Abcam ab8227; 1:3000) to control for loading 

amounts.

DNA Sequencing

Genomic DNA was extracted from hippocampal tissue using REDExtract-N-Amp™ Tissue 

PCR Kit, Sigma-Aldrich. The DNA quality and concentration were measured using a UV-

Vis spectrophotometer (NanoDrop 2000c, Thermo Scientific). PCR primers (mGlur2_3.2 F: 

5′-CGTGAGTTCTGGGAGGAGAG-3′ and mGlur2_3.2R: 5′-

TTGTGGTCCATCCTGTTTCC-3′) were designed with the online Primer3 (v. 0.4.0) 

software (http://bioinfo.ut.ee/primer3-0.4.0/primer3//) to flank the cys407* Grm2 mutation 

(exon 3, nucleotide 1419, NM 001105711.1). PCR reactions were performed in the 

Stratagene Mx3005P qPCR system, Agilent Technologies, using standard thermal cycling. 

Activation at 95 °C for 5 min, followed by 35 cycles of denaturation at 95 °C for 30 s, 

annealing at 58 °C for 30 s, extension at 72 °C for 30 s, a final extension at 72 °C for 10 

min, and termination at 25 °C, was performed. The PCR fragments were run on a 1% 

agarose gel and visualized under UV light in the presence of GelGreen™ Nucleic Acid Gel 

Stain 10,000× (in water) from Biotium, Hayward, CA, USA. The mGluR2_3.2 forward 

primer was also used to sequence the amplified PCR products (Lightrun Sanger Sequencing 
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at GATC Biotech AG, Germany (www.gatc-biotech.com)). The cys407* Grm2 sequencing 

results were visualized using the Chromas software (www.technelysium.com.au), version 

2.6, and compared to the reference sequence of the Grm2 gene (www.ensembl.org, 

Transcript ID: ENSRNOT00000017607. 3) using NCBI nucleotide BLAST (https://

blast.ncbi.nlm.nih.gov/Blast.cgi).

Statistical Analyses

A two-way ANOVA with Sidak’s multiple comparison tests was applied for analyzing the 

receptor messenger RNA (mRNA) levels and DNA product levels after ChIP. An RM two-

way ANOVA was applied when comparing the levels of specific DNA product along the 

different areas in the same gene. Unpaired Student’s t test, with Welch correction in case of 

unequal variance, was applied for analyzing the receptor binding levels and DNA product 

after ChIP for the promoter region. Western results were analyzed by Sidak’s multiple 

comparison test when comparing strains within each region. Before analysis, the Grubbs 

outlier test was run and all significant outliers were removed. All statistical analysis and 

graphs were done in GraphPad Prism 6.07 (GraphPad Software, Inc., USA). Data is 

presented as mean ± standard error of the mean (SEM) with p < 0.05 considered statistically 

significant.

Results

Decreased Prefrontal and Striatal mGlu2 and Striatal 5-HT2A Receptor Gene Expression in 
RHA-I Rats

When looking at mRNA levels for the 5-HT2A, 5-HT1A, and mGlu2 receptors in PFC and 

STR for both strains, there was a significant effect of receptor by region (F(5,117) = 5.061, p 
< 0.001), of strain (F(1,117) = 21.29, p < 0.0001), and of the interaction between these two 

factors (F(5,117) = 4.705, p < 0.001). Post hoc analysis revealed a significant decrease of the 

mGlu2 receptor in PFC (p < 0.01) and STR (p < 0.001) and of the 5-HT2A receptor in STR 

(p < 0.05) in the RHA-I compared to the RLA-I (Fig. 2a). When comparing the relative 

expression of 5-HT2A versus mGlu2, we found in the RHA-I a significant difference 

between these two receptors in the PFC (p < 0.05) that was not present in the STR (Fig. 2b). 

No significant differences were observed for 5-HT1A receptor mRNA expression levels in 

either PFC or STR, though a trend was seen for decreased expression in RHA in STR.

Higher 5-HT2A Receptor Binding in PFC of RHA-I Rats

When incubating membrane homogenates isolated from PFC and STR, in a single-

concentration assay, with a saturating concentration of 5 nM of the 5-HT2A receptor ligand 

[3H]ketanserin, receptor binding in PFC was significantly higher in the RHA-I when 

compared to the RLA-I strain (p < 0.05). For STR, no difference in 5-HT2A receptor binding 

was observed between the two strains (Fig. 3).

No Strain Differences in Binding of H3K27me3 to 5-HT2A, 5-HT1A, and Grm2 Genes in the 
PFC Area

In PFC, chromatin immunoprecipitation results of histone H3 showed a significant effect of 

epigenetic modifications for both the HTR2A (F(8,115) = 13.55, p < 0.0001), HTR1A 
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(F(8,116) = 20.81, p < 0.0001), and Grm2 (F(8,117) = 25.67, p < 0.0001) genes. Post hoc 

analysis when grouping both strains showed H3K27me3 binding significantly higher than 

background for the HTR2A gene at the promoter (p < 0.0001) and exon 1 (p < 0.001) 

regions, for the HTR1A gene in the −1.4 kb upstream (p < 0.0001), promoter (p < 0.0001), 

and exon 1 (p < 0.001) regions, and for the Grm2 gene in the −1.4 kb upstream (p < 0.001) 

and promoter (p < 0.0001) regions. Sidak’s multiple comparison tests taking both strains 

into account revealed no significant difference in H3K27me3 binding between RHA-I and 

RLA-I (Fig. 4a). Binding of acetylated H3 (H3ac) was not significantly different from 

background levels for the three genes but was at the GAPDH gene promoter region (F(2,42) = 

15.13, p < 0.0001), validating the immunoprecipitation assay (Fig. 4c).

When looking specifically at differences in methylated H3 binding throughout the different 

gene regions, H3K27me3 binding differed significantly for the HTR2A (F(2,26) = 13.72, p < 

0.0001) with a within-subject matching effect across regions (F(13,26) = 10.28, p < 0.0001), 

the HTR1A (F(2,26) = 20.13, p < 0.0001) with a within-subject matching effect across 

regions (F(13,26) = 16.02, p < 0.0001), and the mGluR2 (F(2,26) = 45.54, p < 0.0001) with a 

within-subject matching effect across regions (F(13,26) = 4.395, p < 0.001) and with the peak 

for H3K27me3 binding at the promoter region (Fig. 4b). When looking specifically at the 

promoter region, no difference in H3K27me3 binding to this region was found between the 

RHA-I and RLA-I for any of the genes (Fig. 4d).

Increased Binding of H3K27me3 at the Promoter Region of the 5-HT2A Gene in the STR of 
RHA-I Rats

In STR, chromatin immunoprecipitation results of histone H3 showed a significant effect of 

epigenetic modifications for HTR1A (F(8,114) = 76.89, p < 0.0001) and the Grm2 gene 

(F(8,118) = 40.44, p < 0.0001). Post hoc analysis when grouping both strains showed 

H3K27me3 binding significantly higher than background for the HTR1A gene in the −1.4 

kb upstream (p < 0.0001), promoter (p < 0.0001), and exon 1 (p < 0.0001) areas. H3ac 

binding was not significantly different from background levels. For the Grm2 gene, post hoc 

analysis when grouping both strains showed significant increased H3K27me3 binding in the 

−1.4 kb upstream (p < 0.001) and at promoter (p < 0.0001) areas and increased H3ac 

binding at the promoter region (p < 0.001). Sidak’s multiple comparison tests taking both 

strains into account revealed no significant difference in H3K27me3 binding levels between 

RHA-I and RLA-I for either the HTR1A or the Grm2 gene and in H3ac binding levels for 

the Grm2 gene. In regard of the HTR2A gene, there was a significant effect of H3K27me3 

binding levels (F(8,115) = 49.42, p < 0.0001), of strain (F(1,115) = 8.030, p < 0.01), and of 

their interaction (F(8,115) = 2.886, p < 0.01). Post hoc analysis when grouping both strains 

showed H3K27me3 binding levels significantly higher than background in the −1.4 kb 

upstream (p < 0.0001), promoter (p < 0.0001), and exon 1 (p < 0.0001) regions. H3ac 

binding levels were not significantly different from background levels. When performing 

Sidak’s multiple comparison tests between both strains, there was a significant difference in 

H3K27me3 binding levels at the promoter region, with the RHA-I showing higher binding 

(p < 0.0001) (Fig. 5a). The GAPDH gene promoter region showed a significant effect of the 

epigenetic modifications (F(2,40) = 31.01, p < 0.0001), with higher binding than background 

for both H3K27me3 (p < 0.05) and H3ac (p < 0.0001) (Fig. 5c).
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When looking specifically at H3K27me3 binding levels throughout the different gene 

regions, levels differed significantly for the HTR2A (F(2,26) = 10.03, p < 0.001), with a 

within-subject matching effect across regions (F(13,26) = 6.024, p < 0.0001), the 5-HT1A 
(F(2,26) = 15.38, p < 0.0001) with a within-subject matching effect across regions (F(13,26) 

= 12.73, p < 0.0001), and the Grm2 (F(2,24) = 51.95, p < 0.0001), with a within-subject 

matching effect across regions (F(12,24) = 4.141, p < 0.01) with the peak of H3K27me3 

binding being at the promoter region (Fig. 5b). When looking at binding of H3ac at the 

Grm2 gene, levels differed significantly through the gene regions (F(2,24) = 53.33, p < 

0.0001), with a within-subject matching effect across regions (F(12,24) = 3.287, p < 0.01). 

For the HTR2A gene, a significant effect of interaction between subjects and gene area was 

obtained (F(2,26) = 5.008, p < 0.05). After multiple comparison test, the difference is shown 

for the promoter region between RHA-I and RLA-I (p < 0.05). When looking specifically at 

the promoter region, differences in H3K27me3 binding levels were found between the RHA-

I and RLA-I for the HTR2A gene and also for the HTR1A gene. No differences were found 

in either H3K27me3 and H3ac levels for the Grm2 gene (Fig. 5d).

Increased Levels of Phospho-Tyr216-GSK3β and β-Catenin in PFC of RHA-I Rats

Both phospho-Tyr216-GSK3β (p < 0.05) and β-catenin (p < 0.01) levels were increased in 

PFC of RHA-I rats (Fig. 6). Levels of GSK3α/β did not differ between regions in either the 

RLA and RHA-I rats. No differences in phosphorylated Akt and phospho-ser9-GSK3 β were 

found among regions and strains (Fig. 6).

Grm2 Gene Sequencing Showed RHA-I Rats to Carry the cys407* Grm2 Mutation

A previous study by [45] has in some Wistar strains, including the Roman rat strains, 

reported a common stop codon mutation at cysteine 407 in the Grm2 gene. To investigate the 

prevalence of this mutation in our RHA-I and RLA-I rats, we sequenced in a subsample of 

our rats the Grm2 gene according to protein position 407. Homozygous cys407* Grm2 (c.

1429C>A, p.Cys/TGC407Stop/TGA) in exon 3 of the Grm2 gene was found in all the 

investigated RHA-I rats (n = 8). RLA-I rats (n = 7) were Grm2 wild type (TGC) except for 

one RLA-I rat that was found to be heterozygous for the cys407* Grm2 mutation (TGC/

TGA) (Fig. 7a). Hence, our results support previous findings and emphasize the distribution 

of the cys407* Grm2 mutation in RHA-I rats. Further, we confirmed the absence of receptor 

protein in this strain by western analysis on PFC membrane extracts of a subsample of the 

RLA-I (n = 3) and RHA-I (n = 3) rats. No mGluR2 band was visible in the RHA-I rats (Fig. 

7b).

Discussion

The present results confirm the Roman rat strain differences in 5-HT2A and mGlu2 receptor 

levels previously described by us [9]. Further, we report how the inexistent receptor protein 

levels found for the mGlu2 receptor in the RHA-I [9] are accompanied by low expression of 

the Grm2 gene, most likely as a result of the presence of a stop codon mutation at cysteine 

407 previously identified in this strain [45] and confirmed by us here. For the 5-HT2A 

receptor, the increase in receptor binding in PFC in the RHA-I was not accompanied by a 

corresponding increase in mRNA levels. As we only measure membrane-bound receptors by 
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the binding assay, total 5-HT2A protein levels may not differ between strains. The higher 5-

HT2A receptor binding could therefore reflect increased receptor functionality and/or ligand-

binding affinity probably as a consequence of the absence of the mGlu2 receptor. The 5-

HT2A and the mGlu2 are G protein-coupled receptors (GPCRs), both normally highly 

expressed in the PFC [46–48]. They interact with each other in a functional cross talk 

through heteromeric complexes [27, 29, 49]. The mGlu2 is also capable of forming 

heterodimers with the mGlu3 receptor [50]. Pharmacological activation of the mGlu2/3 

receptor complex suppresses the intracellular and behavioral effects of the hallucinogenic 5-

HT2A receptor agonist 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI) [29]. The 5-

HT2A-dependent polyphosphoinositide (PI) hydrolysis intracellular cascade is further 

attenuated when activating the mGlu2/3 receptor [51]. Recent studies have established that 

this functional cross talk between the 5-HT2A and mGlu2 receptors takes place at the 

submembrane level, where the Gi/0-coupled mGlu2 and the Gq/11-coupled 5-HT2A receptor 

modulate each other’s G protein-dependent signaling cascade [27]. Changes in mGlu2 

receptor levels affect 5-HT2A receptor function. Indeed, 21 days of treatment with the 

mGlu2/3 receptor antagonist LY341495 causes downregulation of 5-HT2A receptor 

[3H]ketanserin binding in somatosensory cortex, which was shown to be specifically 

mediated by the mGlu2 receptor [28]. However, in mGlu2 receptor knockout mice, 5-HT2A 

receptor [3H]ketanserin binding is preserved [52], indicating that the 5-HT2A receptor reacts 

differently to a sudden decrease in mGlu2 receptor levels than to the total absence of the 

mGlu2 receptor. In the RHA-I, the mGlu2 receptor is probably already missing during 

development and the adaptive response of the 5-HT2A receptor would be comparable to that 

seen in the mGlu2 receptor knockout mice. The increased 5-HT2A PFC binding observed 

here can also be an adaptive response to more general alterations in glutamatergic tonus in 

the RHA-I, as mGlu2/3 receptors function as autoreceptors and are involved in modulating 

excitatory neurotransmission [53]. The absence of the mGlu2 receptor probably has an 

impact on basal glutamate levels in the RHA-I, even though this has not been investigated 

yet. We know that 5-HT2A receptor functionality and downstream signaling responses are 

influenced by changes in glutamatergic tonus [54, 55].

In the STR, contrary to PFC, 5-HT2A mRNA levels were significantly reduced in the RHA-I 

when compared to the RLA-I. mGlu2 receptor expression was likewise drastically reduced 

in STR of the RHA-I. Receptor binding by [3H]ketanserin, however, was not different from 

RLA-I despite the decrease in gene expression. Thus, here again, this may indicate separate 

regulation of the total receptor protein pool and 5-HT2A ligand affinity and functionality at 

the membrane level. Whether this is a response to specific neurotransmitter and other 

receptor alterations in STR we can only infer. In STR, mGlu2/3 receptors are primarily 

present on terminals of the corticostriatal afferents [56]. A deficit in the glutamatergic 

corticostriatal input to the STR has been proposed as a central factor in the etiology of 

schizophrenia [57, 58]. According to this hypothesis, a deficit in this pathway would lead to 

an increased dopaminergic tonus in the STR as a result of increased disinhibition of the 

nigrostriatal dopaminergic projecting neurons [57]. This corresponds well with the higher 

dopaminergic tonus and decreased D2 receptor level and functional sensitivity reported for 

the RHA-I in this area [19]. Thus, the decrease in striatal 5-HT2A receptor expression could 

be a compensatory response to dopaminergic alteration. Anti-psychotic-induced 
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dopaminergic supersensitivity by the D2 antagonist haloperidol affects 5-HT2A receptor 

density [59], and the 5-HT2A also seems to interact with the D2 receptor into functional 

heterodimers in this area [39, 60, 61].

Interestingly, we found that striatal 5-HT2A expression in the RHA-I is regulated by 

epigenetic control of the promoter region of the HTR2A gene. We looked at histone 

modifications as these are dynamic and reversible regulatory mechanisms of gene expression 

that reveal adaptive responses of gene × environmental interactions [33]. We focused on his-

tone H3, as previous studies have described H3 modifications in relation to 5-HT2A and 

mGlu2 receptor interactions [30, 31, 62]. No differences in acetylated H3 binding levels for 

any of the gene regions included in this study were observed for the two strains. Histone 

acetylation enables gene transcription by unfolding the chromatin structure through 

neutralization of the basic charges of the lysine [63]. This is in concordance with our 

observations of no increased expression of the HTR2A, HTR1A, or Grm2 genes. On the 

contrary, when looking at H3K27 methylation, we found increased binding levels at the 

promoter region of the HTR2A gene in the STR of the RHA-I rats. Histone lysine 

methylation is more specific and site directed than histone acetylation and implicated in 

gene silencing [63, 64]. Even though still not fully elucidated what the exact roles of the 

different histone methylation sites are in the regulation of transcriptional repression/

activation, it is believed that H3K27me is implicated in facilitating the recruitment of 

methylating enzymes to the promoter of the repressed genes [63]. More specifically, 

H3K27me at the promoter region may act as “dials” or “switches” of gene expression by 

fine-tuning expression levels from active to poised to inactive [64]. Indeed, H3K27me has 

been reported to be involved in regulating DNA methylation during brain development [65, 

66]. On the other side, alterations in the epigenetic regulation of the HTR2A gene during 

gestation have been associated with neurobehavioral deficits related to schizophrenia [67, 

68]. Inferring from this, we can say that the lower expression of striatal 5-HT2A in the RHA-

I is very likely reflecting a developmental adaptive response at the gene transcriptional level. 

Still, whether this particular gene regulatory effect is crucial for the expression of the 

behavioral phenotype of the RHA-I we cannot conclude. Other gene sites may show similar 

epigenetic adaptations, and the 5-HT2A receptor changes may be an epiphenomena of other 

more central changes not investigated yet. Nevertheless, the importance of these 

observations relies in the fact that strains selected based on their different behavioral and 

cognitive strategies show differences in epigenetic modifications. These modifications are 

reversible and by that open up for the possibility of adjusting behavior through 

pharmacological modulation of epigenetic regulation.

In addition to the previous observations, we wanted to further investigate whether the strain 

and region differences in 5-HT2A and mGlu2 receptor regulation are accompanied by 

differences in downstream intracellular pathways. We focused on the Akt/GSK3 pathway as 

both the mGlu2/3 receptor complex and the 5-HT2A receptor have a direct regulatory effect 

on this pathway [40, 69]. In the study by Sutton and Rushlow [69], they reported how 

repeated agonist stimulation of the mGlu2/3 receptor resulted in increased phosphorylated 

Akt, phosphoser9-GSK3β, and β-catenin levels in both PFC and STR, with an opposite 

effect when administering an antagonist. Our observations do not fully match these, as we 

did not see differences in Akt or Ser9-GSK3β phosphorylation, though we found increased 

Fomsgaard et al. Page 12

Mol Neurobiol. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



levels of β-catenin and phosphorylation at Tyr216-GSK3β in PFC of RHA-I rats, despite the 

absence of the mGlu2 receptor. This divergence is not surprising. As discussed earlier, 

effects obtained from pharmacological manipulation of the mGlu2/3 receptor complex and 

from blocking mGlu2 receptor expression during development show conflicting results, 

which probably are due to compensatory mechanisms in the second situation. No study has 

yet looked at the Akt/GSK3 pathway in mGlu2 knockout mouse, and therefore, we do not 

know which effect the absence of the mGlu2 receptor, like is the case in the RHA-I rats, may 

have on this pathway. Our observations of a region-specific regulation of this pathway in the 

RHA-I regardless of the low presence of the mGlu2 receptor in both PFC and STR lead us to 

believe that the differential regulation in the mGlu2–5-HT2A receptor balance in STR versus 

PFC may somehow be involved in this. Overactivation of the 5-HT2A receptor in the PFC 

may explain this, though further studies should clarify this. Phosphorylation at ser9 

inactivates GSK3β enzymatic function, while phosphorylation at Tyr216 stabilizes the 

protein facilitating its activation [70]. According to this, GSK3 constitutive activity would be 

enhanced in PFC of the RHA-I rats. Which specific upstream pathway regulates Tyr216 

phosphorylation is not known yet. In our study, we looked at Akt, as this kinase is 

downstream of 5-HT2A and 5-HT1A and upstream of GSK3 [71, 72], but we found no 

differences in phosphorylation levels or protein levels (results not shown), indicating that 

other upstream effectors are acting upon this activation. In relation to schizophrenia, there is 

still some controversy on whether GSK3 activation and β-catenin levels are decreased or not 

in cortical areas of subjects with schizophrenia [73, 74]. However, there is strong evidence 

of GSK3β and β-catenin being involved in spine stability and synaptic plasticity both during 

development and in adulthood [75–77]. Based on this and our observations, we believe that 

looking into differences in spine density in the PFC of the RHA-I is warranted and of great 

importance for understanding the neurobiological substrates behind their different behavioral 

phenotype.

Summarizing, we have further characterized the receptor differences in 5-HT2A and mGlu2 

previously reported by us in the Roman rat strains. We found in the RHA-I strain no 

presence of mGlu2 receptor protein, distinctive low gene expression in both PFC and STR, 

most likely as a direct consequence of the mutation at the Gmr2 gene. Interestingly, we 

found an epigenetically controlled silencing of the HTR2A gene in the STR of the RHA-I 

strain, which is probably a developmental-induced adaptive response to the absence of the 

mGlu2 and may be due to the consequent region-specific alterations in neurotransmitter 

balance in this strain. This differential regulation is reflected on the intracellular signaling 

cascades responsible for synaptic maturation and regulation during development, further 

supporting the biological validity of the RHA-I strain as a putative rat model of 

schizophrenia-related features.
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Fig. 1. 
Map of the 5-HT2A (HTR2A), 5-HT1A (HTR1A), and mGluR2 (Grm2) genes showing 

positions of promoter region and exons (rectangles) and primers used for qPCR analysis of 

the chromatin immunoprecipitated (ChIP) products. In the Grm2 gene, the position of the 

cys407 mutation is indicated
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Fig. 2. 
a Receptor expression in prefrontal cortex and striatum normalized to RLA-I. Both in 

prefrontal and striatum, mGluR2 levels are significantly lower in RHA-I when compared to 

RLA-I. For the 5-HT2A receptor only in the striatum, the RHA-I strain presented lower 

expression levels of this receptor. No difference was obtained for the 5-HT1A receptor. b 
When comparing the relative expression of 5-HT2A versus mGluR2, there was a significant 

difference in prefrontal cortex of the RHA-I strain that was diminished in the striatum as a 

result of the lower expression of 5-HT2A receptor of this strain in this region. Two-way 

ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 3. 
Maximum binding levels of 5-HT2A receptor by [3H]ketanserin are higher in prefrontal 

cortex of the RHA-I when compared to RLA-I. In striatum, there is no difference in binding 

levels between the two strains. Student’s t test, *p < 0.05
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Fig. 4. 
a Trimethylation of histone H3 at lysine 27 (H3me3K27) of the 5-HT2A, 5-HT1A, and 

mGluR2 genes at the −1.4 kb upstream, promoter, and exon 1 regions in the prefrontal 

cortex (PFC). There was no acetylation of the histone H3 in any of the regions of the three 

genes. The gene of reference GAPDH showed acetylation of H3 at the promoter region, 

validating the chromatin immunoprecipitation assay (c). b When comparing the different 

regions within the same gene for H3me3K27 levels, the promoter region peaked 

significantly for all three genes. d When comparing individually the promoter region for 

differences in H3me3K27 levels between the two strains, no differences were observed for 

any of the three genes. Two-way ANOVA #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 

0.0001
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Fig. 5. 
a Trimethylation of histone H3 at lysine 27 (H3me3K27) of the 5-HT2A, 5-HT1A, and 

mGluR2 genes at the −1.4 kb upstream, promoter, and exon 1 regions in the striatum. The 

mGluR2 gene showed acetylation of histone H3 in promoter region. There was no 

acetylation of the histone H3 in any of the regions of 5-HT2A and 5-HT1A. Post hoc 

analysis showed significant higher levels of H3me3K27 at the promoter region of the 5-

HT2A gene in the RHA-I rats. The gene of reference GAPDH showed H3me3K27 and 

acetylation of H3 at the promoter region, validating the chromatin immunoprecipitation 

assay (c). b When comparing the different regions within the same gene for H3me3K27 

levels, the promoter region peaked significantly for all three genes. In the case of the 

mGluR2 gene, acetylation of H3 was also significantly higher in the promoter region. For 

the 5-HT2A gene, there was furthermore a significant difference between the RHA-I and 

RLA-I strains in the promoter region. d When comparing individually the promoter region 

for differences in H3me3K27 levels between the two strains, significant difference was 

observed not only for the 5-HT2A gene but also for the 5-HT1A. No difference in 

H3me3K27 or H3ac levels was observed for the mGluR2 between the two strains. Two-way 

ANOVA, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001; Sidack’s post hoc multiple 

comparison test, ****p < 0.0001; Student’s t test *p < 0.05
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Fig. 6. 
a Representative western blots for β-catenin, phosphorylated GSK3β at tyrosine 216 site 

(pGSK3β tyr216), phosphorylated GSK3β at serine 9 (pGSK3β ser9), phosphorylated Akt 

(pAkt), and GAPDH in prefrontal cortex and striatum for both RLA-I and RHA-I rats. b 
Levels of pGSK3β tyr216 and β-catenin are increased in prefrontal cortex of RHA-I 

compared to RLA-I rats. No differences were observed in striatum or in levels of pGSK3β 
ser9 or pAkt. Sidak’s multiple comparison test, *p < 0.05, **p < 0.01
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Fig. 7. 
a Sanger sequencing of the Grm2 gene illustrating the area in exon 3 for the Cys407* 

mutation. The nucleotide cytosine (C) is substituted by the nucleotide adenine (a) (arrow) 

leading to a stop codon (TGA). RLA rats (n = 7) were found to be Cys407* Grm2 wild type 

except one RLA rat that was Cys407* Grm2 heterozygous. All RHA (n = 8) rats were found 

to be Cys407* Grm2 homozygous. b Representative western blots for mGlu2 receptor in 

prefrontal cortex for both RLA-I and RHA-I rats. No protein bands were detectable in the 

RHA-I rat samples
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