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ABSTRACT 

Rationale: The administration of NMDA receptor (NMDAR) antagonists constitutes a 

widely used model that produce both positive (e.g., hyperactivity) and negative (e.g., 

social withdrawal) symptoms relevant for schizophrenia in rodents. These effects can be 

reversed with the administration of atypical (second and third generation) 

antipsychotics. 

Objectives: In this study we combined the NMDAR-antagonist model with the Roman 

High-Avoidance (RHA) strain, a psychogenetically selected model of schizophrenia-

relevant features. We also studied whether some atypical antipsychotics drugs 

(clozapine, ziprasidone, and aripiprazole) would be able to attenuate or reverse the 

behavioural alterations induced by MK801- and whether such effects might be 

dependent on the rat strain. 

Methods: MK801 dose-response study was conducted in RHA and Roman Low-

Avoidance (RLA) male rats. After that, the 0.15 mg/kg MK801 dose was selected to carry 

out pharmacological studies versus atypical antipsychotics.   

Results: In the first experiment we establish that MK801 (dizocilpine), a NMDAR 

antagonist, produces dose-related hyperactivity and social withdrawal, which are more 

marked in RHA than RLA rats. The administration of the atypical antipsychotics clozapine 

(2.5. mg/kg) or ziprasidone (2.5 mg/kg) partially reversed or attenuated some of the social 

behaviour deficits and hyperactivity induced by the administration of MK801. 

Aripiprazole (3 mg/kg), a third-generation antipsychotic, reversed or attenuated the 

social preference deficit, the hyperactivity and the impairment of social latency induced 

by MK801. 

Conclusions: These results seem to be in line with previous studies with the NMDAR-

antagonist model and add face and predictive validity to the RHA rat strain as a model 

of schizophrenia-relevant features. 
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1. INTRODUCTION 

The glutamate model of schizophrenia is based on the action of the N-methyl-D-

aspartate receptor (NMDAR) antagonists (Aghajanian & Marek, 2000; Krzystanek & 

Pałasz, 2019; Neill et al., 2010, 2014; Rung, et al., 2005). The administration of those 

NMDAR antagonists (e.g. ketamine, phencyclidine –PCP- or dizocilpine -MK801-) in 

rodents is widely used to produce cognitive deficits and social withdrawal relevant to 

cognitive and negative symptomatology of schizophrenia (Gururajan et al., 2012; Neill et 

al., 2010; Rung et al., 2005; Wilson & Koenig, 2014). It is well know that NMDAR 

antagonists also produce psychotic-like symptoms, such as hyperactivity, paranoia and 

hallucination, and the administration of NMDAR antagonists to patients with 

schizophrenia exacerbates their symptoms (Malhotra et al., 1997; and see review by Neill 

et al., 2010).  

The relevance of pharmacological models based on the administration of NMDAR 

antagonists lies in the fact that their effects can be reversed by second-generation (but 

not first-generation) antipsychotics (APs, such as clozapine, risperidone, olanzapine or 

sertindole;  e.g., Gururajan et al., 2012; Neill et al., 2010).  

The Roman high- (RHA) and low-avoidance (RLA) rat strains were developed in Rome 

in the 1960’s trough bidirectional selective breeding of Wistar rats for their rapid (RHA) 

or extremely poor acquisition (RLA) of the two-way active avoidance –TWAA- task 

(Bignami, 1965; Fernández-Teruel et al., 2021). Among many other phenotypic strain 

differences related to anxiety, vulnerability to stress and to drug abuse (see reviews by 

Fernández-Teruel et al., 2021; Giorgi et al., 2019), it is noteworthy that RHA rats display 

(compared with RLAs, and also with unselected outbred rats) a number of schizophrenia-

relevant phenotypes. Thus, among other psychotic/schizophrenia-relevant traits 

(reviewed by Fernandez-Teruel et al. 2021), RHA rats present cognitive disfunction, as 

indicated by impairments of reference and working memory (Oliveras et al., 2015; Río-

Álamos et al., 2019), attention-related deficits (e.g. latent inhibition and prepulse 

inhibition) and hyperactivity (Oliveras et al., 2017;  reviewed by Fernandez-Teruel et al., 

2021). We have recently reported that drug-free RHA rats also exhibit relative asociality 

(i.e. lowered preference for social interaction), compared with their RLA counterparts 

and outbred HS rats (Oliveras et al., 2022; Sampedro-Viana et al., 2021), which is 

considered to model social withdrawal, a negative symptom of schizophrenia. 

At neurochemical and molecular levels, selection for extremely divergent rates of 

acquisition of TWAA, or comparison of RHA vs RLA rats, has been shown to be associated 

with differential expression of many genes at the cortical, hippocampal and amygdala 

levels (Díaz-Morán et al., 2013; Sabariego et al., 2011, 2013). Most interestingly, recent 

studies have shown that RHA rats present alterations of synaptic markers and  trophic 

factors in the prefrontal cortex (PFC) and/or hippocampus (HPC), such as neuregulin1, 

homer1, synaptophysin, brain-derived neurotrophic factor (BDNF), and others, that have 
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been linked with glutamatergic disfunction, PFC maturation and schizophrenia (Elfving et 

al., 2019; Neill et al., 2010; reviewed by Fernandez-Teruel et al., 2021). Hence, the 

genetically-based RHA model appears to recapitulate a considerable number of 

neurobehavioral traits that are relevant for the disorder (Fernandez-Teruel et al., 2021; 

Giorgi et al., 2019). 

In this context, the present study was aimed at expanding the schizophrenia-relevant 

phenotypic profiling of RHA vs RLA rats by performing a pharmacological characterization 

of their social behaviour. We first aimed at evaluating the effects of the administration of 

the NMDAR antagonist MK801 on social behaviour of RHA vs RLA rats. We also studied 

whether some atypical antipsychotic drugs (clozapine, ziprasidone, and aripiprazole) 

would be able to attenuate or reverse the behavioural alterations induced by MK801- 

and whether such effects might be dependent on the rat strain. We hypothesized that, 

(i) MK801 would lead to more profound social behaviour deficits and enhanced 

hyperlocomotion in RHA than RLA rats, and (ii) second- (clozapine, ziprasidone) and third-

generation (aripiprazole) antipsychotics would reduce MK801-induced impairment of 

social behaviour and hyperactivity more markedly in RHA rats than in their RLA 

counterparts.   
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2. METHODS 

2.1 Subjects 

Animals used in the present study were naïve male rats from the inbred Roman high- 

(RHA, n=217) and low-avoidance (RLA, n=222) strains, from the permanent colonies 

maintained at the laboratory of the Medical Psychology Unit, Dept. Psychiatry and 

Forensic Medicine (School of Medicine, Autonomous University of Barcelona, Spain), 

since 1996. They were 4-5 months old at the beginning of the experiments with an 

average weight of 421,50g ±3,60g (mean ± SD).  

Animals were housed in macrolon cages (standard size: 50 x 25 x 14cm) in same-sexed 

pairs. They were maintained under a 12:12h light-dark cycle (lights on at 8:00h) with 

controlled temperature (22ºC ± 2ºC) and humidity (50-70%). Food and water were 

available ad libitum. All testing was performed in the morning between 8:00 and 14:00h. 

All the experimental procedures agreed with the Spanish legislation on “Protection of 

Animal Used for Experimental and Others Scientific Purposes” (RD 53/2013) and the 

European Communities Council Directive (2010/63/EU). 

2.2 Apparatus 

The set-up used to test social interaction was based on the one used by Gururajan et 

al., (2012) which was a modified version of that initially designed by Panksepp et al., 

(1997). It consists of two acrylic boxes (65 x 23 x 20cm) placed facing one another. The 

cages were divided by lines, in three equal sectors: social, middle, and non-social. Both 

boxes had two 3cm-diameter holes on their right and left sides (social/non-social hole). 

To prevent physical contact, the social holes of both cages were separated by 12cm.  

Above the test set up, there was a video camera recording the session which was 

connected to a screen out (TV monitor) of the experimental room where experimenters 

observed and assessed behaviour in situ. Further analysis was performed by visualization 

of the video tapes on a computer.  

2.3 Drug treatment 

Dizocilpine (MK801, M107), clozapine (CLZ, C6305), aripiprazole (ARI, SML0935) and 

ziprasidone (ZPR, Z2777) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

MK801 was dissolved in saline (0.9% NaCl). CLZ was dissolved in a small amount of glacial 

acetic acid and then diluted in distilled water with NaOH to neutralize the acidification. 

ZPR and ARI were dissolved in 2% of Tween 80 diluted in distilled water.  

MK801 and CLZ and their respective vehicles were administered subcutaneously (s.c.) 

in a volume of 1 ml/kg body weight, 20 min and 60 min before testing, respectively. ARI 

and ZPR and their vehicles were administered intraperitoneally in a volume of 1 ml/kg 

body weight, 60 min and 30 min respectively before the test.  
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To assess the interactions between the propsychotic drug and the antipsychotics, the 

dose of 0.15 mg/kg of MK801 was selected according to its effects on “Non-social time”, 

“Social time”, “Social preference”, “Social latency” and locomotion in Study 1. All the 

solutions were freshly prepared each day. The doses of each antipsychotic were selected 

according to pilot studies from our laboratory and/or the effective doses used in previous 

studies from our laboratory and others (Deiana et al., 2015; Oliveras et al., 2017; 

Ratajczak et al., 2016; Snigdha & Neill, 2008).  

See experimental overview in Figure 1. 

 

 

 

 

 

Figure 1. Overview of the experimental schedules (see “Materials and methods”). Study 1: different 
doses of MK801 were tested in the social interaction (SI) test.  MK801 or its vehicle (VEHMK801) were 
subcutaneously (s.c.) administered 20 minutes before the SI test. The 0.15 mg/kg MK801 dose was 
selected for the following studies. Study 2: Clozapine (CLZ; 1 or 2.5 mg/kg) or its vehicle (VEHCLZ) were s.c. 
administered 40 min before the administration of MK801 or its vehicle (VEHMK801); 20 min after MK801 
administration the SI test was performed. Study 3: Ziprasidone (ZPR; 1.25/2.5 mg/kg) or its vehicle 
(VEHZPR) were administered i.p. 10 min before the administration of MK801 or its vehicle (VEHMK801); 20 
after the second administration the SI test was performed.  Study 4: Aripiprazole (ARI; 1 or 3 mg/kg) or its 
vehicle (VEHARI) were intraperitoneally (i.p.) administered 40 min before the administration of MK801 or 
its vehicle (VEHMK801); 20 min after the second administration the SI test was performed.   
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2.4 Experimental procedure  

The experimental procedure was the same as the one used by Sampedro-Viana et al. 

(Sampedro-Viana et al., 2021). Pairs of unfamiliar weight-matched rats (±25gr.) were 

placed separately in each box for 30 minutes during the habituation sessions carried out 

24h before testing, and then different pairs of unfamiliar weight-matched rats were 

placed one in each box for the 15-min test. The holding room was slightly illuminated 

with red light both during habituation and testing sessions. After testing each rat pair, the 

boxes were wiped clean with 70% ethanol to remove olfactory cues. The variables 

measured in each experiment were the same: “social latency”, measured as the time 

elapsed until the first exploration of a social hole;  “social time”, measured by the time 

animals spend nose-poking at the social hole; “non-social time”, measured by the time 

animals spent nose-poking at the non-social hole; “Social Preference”, measured as the 

following equation: “Social Preference = (Social Time/ (Social Time + Non-social Time)) x 

100” 

 “Locomotor activity” was measured as the number of crossings across the three equal 

sectors of the cage.  

 

2.4.1 Study 1: MK801 Dose-Response 

In study 1, we compared the effects of different MK801 (0.05, 0.075, 0.1, 0.15 and 0.2 

mg/kg) doses. A total of 64 RLA rats and 64 RHA were tested in this study.  

2.4.2 Antipsychotics vs. MK801 

This study encompasses three experiments, in which the effects of MK801 on social 

behaviour and their possible reversal or attenuation by three different antipsychotics 

drugs, i.e., clozapine (CLZ), ziprasidone (ZPR) or (ARI), were evaluated.  

Animal’s matching, time of testing, room conditions and variables measures were the 

same as described above.  

Study 2: Clozapine vs. MK801 

In study 2, the effects of the pro-psychotics MK801 (0.15 mg/kg) and the antipsychotic 

CLZ (1 and 2.5 mg/kg), were assessed on both rat strains in a 2 x 2 x 3 factorial design (i.e., 

“2 strains” x 2 “MK801 levels” x “3 CLZ levels”). A total of n=64 RLA and n=60 RHA were 

used.  

Study 3: Ziprasidone vs. MK801 

In study 3, the effects of MK801 and ZPR (1.25 and 2.5 mg/kg) were tested in a 2 x 2 x 

3 factorial design (i.e., “2 strains” x “2 MK801 levels” x “3 ZPR levels”). A total of n=46 RLA 

and n=45 RHA were tested in this experiment.  
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Study 4: Aripiprazole vs. MK801 

In study 4, the effects of MK801 and ARI (1 and 3 mg/kg), were evaluated on both 

strains in a 2 x 2 x 3 factorial design (i.e., “2 strains” x “2 MK801 levels” x “3 ARI levels”). 

A total of n=48 RLA and n=48 RHA were used 

2.5 Statistical analysis 

Statistical analysis was performed using the Statistical Package for Social Science 17 

(SPSS, Inc., Chicago, IL, USA). The data from Study1 were evaluated with two-way ANOVAs 

(2 “Strain” x 6 “Treatment”). If the two-way ANOVA revealed “Strain”, “Treatment” or 

“Strain x Treatment”, post hoc contrasts with Duncan’s multiple range tests to explore 

differences between groups were performed. The data from studies 2, 3 and 4 were 

evaluated with a three-way ANOVA (2 “Strain” x 2 “MK801” x 3 “APs” levels). If the ANOVA 

revealed “Strain”, “MK801”, “Clozapine”/ “Ziprasidone”/ “Aripiprazole”, or interactions 

between these factors post hoc Duncan’s multiple range tests to explore differences 

between groups were performed. All the results are expressed as mean ± SEM. The 

threshold for statistical significance was set at p< 0.05 for all measures.   
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3. RESULTS 

Study 1: MK801 Dose-Response 

The results of study 1 are presented in Figure 2. Factorial ANOVA (2 “strains” x 6 

“Treatment”) revealed a “Treatment” (F(5,116)=15.641, p<0.001) effect on “Non-social 

Time”, indicating a global decrease in this measure by MK801 administration. It also 

revealed a “Strain x Treatment” (F(5,116)=2.943, p<0.05) effect, as the MK801-induced 

reduction of non-social time in RHA was higher than in their RLA counterparts (Figure 2a, 

and Duncan’s test).  

Regarding “Social time”, there were “Strain” (F(1,116)=6.503, p<0.05), “Treatment” 

(F(5,116)=17.558, p<0.001) and  “Strain x Treatment” (F(5,116)=3.280, p<0.01) effects, the 

latter being due to the stronger effect of MK801 on social time in RHA rats compared 

with their RLA counterparts (Figure 2b, and Duncan’s test). 

ANOVA also revealed “Strain” (F(1,116)=44.669, p<0.001) and “Strain x Treatment” 

(F(5,116)=4.201, p<0.001) effects on the “Social preference” measure. Duncan’s post hoc 

comparison revealed a MK801-induced deficit in social preference by the highest doses 

of MK801 (0.15 and 0.2 mg/kg) in RHA rats (Figure 2c, and Duncan’s test).  

As for “Social Latency”, there were “Strain” (F(1,116)=43.257, p<0.001), “Treatment” 

(F(5,116)=23.864, p<0.001) and “Strain x Treatment” (F(5,116)=7.941, p<0.001) effects, 

reflecting the increase of social latency due to MK801 treatment and the stronger effect 

on the RHAs compared with RLA rats (Figure 2d, and Duncan’s test). 

With regard to “Locomotor Activity”, there were “Strain” (F(1,116)=65.284, p<0.001) and 

“Treatment” (F(5,116)=65.284, p<0.001) effects (Figure 2e). 

Study 2:  Clozapine vs. MK801  

The results of study 2 are presented in Figure 3 and Figure 4. Since in this study there 

were no significant effects of MK801 (0.15 mg/kg; see comparison of VEH-VEH and VEH-

MK groups in RHA rats, Figure 3e) on “Social preference” considering the whole 15-min 

SI test, the first 5-min period of the test was also statistically analysed.  

Factorial ANOVA (2 “Strain” x 2 “MK801 dose” x 3 “CLZ dose”) revealed a “Clozapine” 

(F(2,112)=7.85, p<0.001) and “MK801” (F(1,112)=36.987, p<0.001) effects on “Non-social 

time” (Figure 3a, and Duncan’s test). Similar “Clozapine” (F(2,112)=11.834, p<0.001) and 

“MK801” (F(1,112)=72.423, p<0.001) effects on that variable were found during the first 

five minutes of the test (Figure 3b).  

As for “Social time”, there were “Clozapine” (F(2,112)=6.931, p<0.001) and  “MK801” 

(F(1,112)=37.041, p<0.001) effects (Figure 3c, and Duncan’s test), which were also present 

during the first five minutes of the test (“Clozapine” effect F(2,112)=5.148, p<0.05,;  

“MK801”effect F(1,112)=50.511, p<0.001) (Figure 3d).  
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ANOVA also revealed “Strain” (F(1,112)=16.108, p<0.001), “Clozapine” (F(2,112)=4.822, 

p<0.001), “Strain x MK801” (F(1,112)=13.209, p<0.001) and “Strain x MK801 x Clozapine” 

(F(2,112)=3.779, p<0.05) effects on “Social preference” (Figure 3e, and Duncan’s test).  

Moreover, “Strain” (F(1,112)=30.167, p<0.001), “Clozapine” (F(2,112)=5.593, p<0.001), 

“MK801” (F(1,112)=7.212, p<0.01) and “Strain x MK801” (F(1,112)=15.804, p<0.001) effects 

were observed during the first five minutes of SI testing. The above interaction effects 

indicate, first, that MK801 effects are more marked in RHA than RLA rats, and second, the 

highest dose of clozapine (2.5 mg/kg) reversed the relative deficit in social preference 

showed by MK801-treated RHA rats (see comparisons between the RHA CLZ2.5-MK vs 

VEH-MK and CLZ1-MK groups, in Figure 3e and 3f, and Duncan’s tests). Remarkably also, 

the RHA VEH-MK801 group was different (i.e. decreased social preference) from RHA 

VEH-VEH group during the first five minutes of testing (Figure 3f, and Duncan’s test). 

With respect to “Locomotor Activity”, there were “Strain” (F(1,112)=30.562, p<0.001), 

“Clozapine” (F(2,112)=9.666, p<0.001), “MK801” (F(1,112)=77.073, p<0.001) and “Clozapine 

x MK801” (F(2,112)=4.383, p<0.05) effects. This interaction indicates that only the highest 

dose of clozapine (2.5 mg/kg) reversed the MK801-induced hyperactivity in both rat 

strains (Figure 4a, and Duncan’s test). Similarly, “Strain” (F(1,112)=45.807, p<0.001), 

“Clozapine” (F(2,112)=9.148, p<0.001), “MK801” (F(1,112)=70.155, p<0.05) and “Strain x 

MK801” (F(1,112)=21.596, p<0.001) effects were observed during the first five minutes of 

SI testing, reflecting that MK801-induced hyperactivity was higher in RHA rats than in 

their RLA counterparts (Figure 4b and Duncan’s test).  

As for “Social latency”, “Strain” (F(1,112)=29.888, p<0.001), “MK801” (F(1,112)=51.931, 

p<0.001) and “Strain x MK801” (F(1,112)=22.431, p<0.001) effects were observed, 

indicating that MK801 increased social latency more markedly in RHAs than in RLA rats 

(Figure 4c, and Duncan’s test). 

Study 3: Ziprasidone vs. MK801 

The results of study 3 are presented in Figure 5. Factorial ANOVA (2 “strain” x 2 

“MK801 dose” x 3 “ZPR dose”) revealed “Strain” (F(1.79)=5.105, p<0.05), “MK801” 

(F(1,79)=47.151, p<0.001) and “Strain x MK801” (F(1,79)=9.591, p<0.05) effects, reflecting a 

reduction of “Non-social time” in RHA rats compared with their RLA counterparts (Figure 

5a, and Duncan’s test). 

As for “Social Time”, there were “MK801” (F(1,79)=110.649, p<0.001) and “Strain x 

MK801” (F(1.79)=17.143, p<0.001) effects, the interaction being due to the stronger effect 

of MK801 on RHA than RLA rats (Figure 5b, and Duncan’s test). 

Regarding “Social preference”, there were “Strain” (F(1,79)=20.528, p<0.001), “Strain x 

MK801” (F(1,79)=9.646, p<0.05) and “Strain x MK801 x Ziprasidone” (F(1,79)=3.345, p<0.05) 

effects, the latter being due to the specific effect of  ZPR (2.5mg/kg) to reverse the 
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MK801-induced deficit in social preference in RHA, but not in RLA rats (Figure 5c, and 

Duncan’s test).  

Related to the “Social latency” variable, “Strain” (F(1,79)=15.406, p<0.001), “MK801” 

(F(1,79)=43.695, p<0.001) and “Strain x MK801” (F(1,79)=17.730, p<0.001) were observed, 

reflecting that the MK801-induced increase of social latency was more marked in RHA 

rats compared with their RLA counterparts (Figure 5d, and Duncan’s test).  

ANOVA also revealed “Strain” (F(1,79)=9.336, p<0.05), “Ziprasidone” (F(2,79)=3.451, 

p<0.05) and “MK801” (F(1,79)=98.090, p<0.001) effects on “Locomotor activity” (Figure 5e, 

and Duncan’s test).  

Study 4: Aripiprazole vs. MK-801 

The results of study 4 are presented in Figure 6.  Factorial ANOVA (2 “strain” x 2 

“MK801 dose” x 3 “ARI dose”) revealed an “MK801” effect on “Non-social time” (F1,84)= 

75.194, p<0.001), indicating a global decrease in this measure in all groups. It also 

revealed a “Strain x MK801” effect (F(1,84)=11.110, p<0.001), as the reduction of non-

social time in RLA rats was lower than in their RHA counterparts (Figure 6a, and Duncan’s 

test). 

Regarding “Social time”, there was an “MK801” effect (F(1,84)= 73.952, p<0.001), 

reflecting  that the drug decreased social behaviour in all groups, and a “Strain x MK801” 

(F(1,84)=13.315, p<0.001) effect, as the reduction of social time was more marked in RHA 

rats (Figure 6b, and Duncan’s test). 

As for “Social Preference”, there were “Strain” (F(1,84)=10.534, p<0.05), “MK801” 

(F(1,84)=7.747, p<0.05) and “Strain x MK801” (F(1,84)=6.331, p<0.05) effects, the latter being 

due to the reversal of the MK801-induced reduction of social preference in the RHA rats 

by the highest ARI dose (Figure 6c, and Duncan’s test). 

ANOVA also revealed “Strain” (F(1,84)=29.991, p<0.001), “MK801” (F(1,84)=79.711, 

p<0.001) and “Strain x MK801” (F(1,84)=10.716, p<0.05) effects on “Social latency”. 

Duncan’s post hoc comparison revealed a difference between the highest dose of ARI (3 

mg/kg) and “VEH-MK” group in RHA rats, meaning that the MK801-increased social 

latency was partially reversed by ARI (Figure 6d, and Duncan’s test). 

Related to the “Locomotor activity” variable, results showed a “Strain” effect 

(F(1,84)=29.991, p<0.001), as RHA rats present global higher levels of activity than RLA rats. 

Moreover, an “MK801” effect (F(1,84)=79.711, p<0.001) was found, reflecting an overall 

increase in locomotion in all groups administered with MK801 (Figure 6e and Duncan’s 

test). A significant “Strain x MK801” interaction (F(1,84)=10.716, p<0.01) was also 

observed, indicating that a more marked effect of MK801 in RHA rats (Figure 6e, and 

Duncan’s test). 
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4. DISCUSSION 

The main findings of the present study may be summarized as follows: (1) The dose-

response experiment (study 1) shows that MK801 0.15 and 0.2mg/kg doses induced a 

similar significant decrease of non-social behaviour (“Non-social time”) in both Roman 

rat strains, but the drug reduced “Social time” and especially “Social preference” 

specifically in RHA rats.  (2) Moreover, MK801 was more effective in increasing “Social 

latency” and hyperlocomotion in RHA rats. (3) The higher doses of ARI and ZPR 

attenuated MK801-induced hyperlocomotion in the RHA but not in RLA rats. This effect 

was also observed with CLZ, although this drug reduced activity globally and in both rat 

strains in parallel to its reversal of MK801-induced hyperactivity. (4) ARI 3 mg/kg and ZPR 

2.5 mg/kg reversed the MK801-induced impairment of social preference of RHAs, being 

devoid of effects in RLA rats. (5) We analysed the first 5 min in the CLZ study (Study 2) 

because MK801 detrimental effects on social behaviour (specifically on “social 

preference”) were more clear during that initial interval than during the whole 15-min 

test.  Thus, only during the first 5 min of the SI test CLZ 2.5 mg/kg reversed the MK801-

impaired social preference in RHA rats. (6) Among the three APs tested, ARI appears to 

be the most potent in reducing MK801-induced deficits, since apart from reversing 

MK801 effects on “Social Preference”, ARI was the only drug that attenuated the effect 

of MK801 on “Social latency” (see Figure 6d) and produced a net increase of “Social time” 

in RHA rats (see Figure 6b).  

It is worth to highlight here that measuring “Social preference”, a parameter that has 

not been used in previous pharmacological studies carried out with the present SI 

procedure (e.g. Gururajan et al., 2010, 2012), enables the detection of some specific drug 

effects that do not arise when measuring just “Social time” and “Non-social time”. The 

effects observed with MK801, and with the combination of this drug and the 

antipsychotics, suggest that social preference may better reflect, at least in some 

instances (e.g. following some particular drug treatments), the motivation of the animals 

for social interaction with relative independency of the absolute levels of social or non-

social time. On the other hand, it is also worth mentioning that vehicle-treated (RLA vs. 

RHA) rats did not show differences in social preference in any of the present studies. This 

contrasts with our earlier (and replicated) findings indicating that treatment-naïve RLA 

rats consistently exhibit higher social preference than their RHA counterparts (Oliveras et 

al., 2022; Sampedro-Viana et al., 2021). These apparently contrasting findings open the 

reasonable possibility that the mild stress involved in handling and vehicle injection a few 

minutes before SI testing may lead to (slight) changes in the behavioural SI profiles of the 

rats. This possibility will certainly deserve further study.        

The relevance of this study lies on the fact that this is the first time that: (i) Strain-

related NMDA-antagonist (MK801)-induced impairments in social preference are 

reported in RHA vs. RLA rats and, (ii) attenuation of MK801-induced deficits in social 

preference (and locomotion) by atypical antipsychotics is shown specifically in RHA rats. 
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We have previously reported that RHA rats exhibit, compared with RLAs and other rat 

strain/stocks, several schizophrenia-relevant phenotypic traits related with positive and 

attentional/cognitive deficits of the disorder (Esnal et al., 2016; Fernández-Teruel et al., 

2006; Giorgi et al., 2019; Oliveras et al., 2015; Río-Álamos et al., 2017, 2019; Tapias-

Espinosa et al., 2018, 2019). Our present results go along with these findings and give 

further support to the schizophrenia-like profile of RHA rats by adding NMDA-antagonist 

detrimental effects on social behaviour (which is considered to model negative symptoms 

–asociality- of the disorder) as a new phenotype differing in the Roman rats.   

Pharmacological models have already shown effectiveness of NMDAR antagonists to 

mimic not only positive and cognitive but also negative symptoms of schizophrenia on 

standard laboratory rat strains. Specifically, the most used NMDAR antagonists which 

have shown to induce social withdrawal are PCP, ketamine and MK801, being the latter 

more potent than the former ones (Gururajan et al., 2010; Neill et al., 2010). Hence, our 

results with MK801 administration confirm what has already been shown in other rat 

strains (not genetically selected). Importantly, using both Roman rat strains allowed us to 

add the novel finding that RHA rats are clearly more affected by MK801 than their RLA 

counterparts, in line with what we could expect from a rat strain presenting a 

schizophrenic-relevant profile.  In line with the fact that negative symptoms of 

schizophrenia are thought to be related to frontal cortex and hippocampal dysfunction, 

RHA rats also present decreased prefrontal cortex and hippocampus (HPC) activity and 

reduced volume of both regions compared with their RLA counterparts (Meyza et al., 

2009; Río-Álamos et al., 2017, 2019; Tapias-Espinosa et al., 2019). Administration of 

NMDA receptor antagonists is thought to reproduce these cortical and hippocampal 

dysfunctions, as the reduction of glutamatergic activity produces a disinhibition of 

mesolimbic dopaminergic function and an inhibition of mesocortical dopaminergic 

activity (e.g. Fernández-Teruel et al., 2021; Neill et al. 2014). RHA and RLA rats are known 

to differ in dopaminergic function in several brain regions, so that these divergences 

could underlie the between-strain differences in MK801 effects observed in the present 

work (e.g. Fernández-Teruel et al., 2021; Giorgi et al., 2007, 2019).  

Differences in glutamatergic NMDA-receptor-mediated transmission might also be 

involved in the strain-related (RHA vs RLA) effects of MK801 on social interaction (e.g., 

Elfving et al. 2019). Recent studies have been devoted to elucidate whether RHA and RLA 

rats differ in parameters related to neurotransmitter receptor alterations in PFC and HPC, 

as well as pre- and post-synaptic markers of neural activity. Thus, RHA rats exhibit an 

increase of Grin2b (glutamate receptor NMDA2B) mRNA expression in PFC and enhanced 

NMDA2B in the HPC (Elfving et al., 2019; Klein et al., 2014). In addition, RHA rats exhibit 

enhanced 5-HT2A mRNA expression in the HPC and increased 5-HT2A receptor binding 

in the PFC (Elfving et al., 2019; Klein et al., 2014).  Related to that, in particular in the 

context of the involvement of the 5-HT2A/mGlu2 receptor complex in schizophrenia (e.g. 

González-Maeso et al. 2008), it is worth to highlight that RHA rats exhibit a dramatic 
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deficit of mGlu2 receptors (mGlu2R) and Grm2  expression (the gene for mGlu2R) in PFC, 

HPC and striatum (Elfving et al., 2019; Fomsgaard et al., 2018; Klein et al., 2014), due to 

a stop codon mutation in that receptor that makes RHA rats a naturally-occurring knock-

out for it (Wood et al., 2017).  

Comparing the effects of the three APs on MK801-induced alterations of social 

behaviour, it is worth highlighting that both CLZ and ZPR produced global significant 

effects on activity (see ANOVA main drug effects). In particular, CLZ dose-dependently 

reversed MK801-induced hyperactivity in both rat strains (see Figure 4a,b), which 

coheres with our previous findings using a specific activity test procedure (Oliveras et al., 

2017). Conversely, ARI did not produce a global effect on locomotion (i.e., as also shown 

by the absence of significant main factor “ARI” effects on that measure), but its effects 

on activity were restricted to the attenuation of MK801-induced hyperlocomotion in RHA 

rats, but not in their RLA counterparts. Thus, it seems that CLZ and ZPR produce stronger 

and more general effects on activity than ARI. MK801 hyperlocomotor effects have been 

related to the increase of mesolimbic dopaminergic activity induced by NMDA receptor 

antagonism (e.g. Meltzer et al., 2011a, 2011b; Oliveras et al., 2017). Since RHA rats have 

a higher functional tone of the mesolimbic DA system than RLA rats, this could be the 

reason for the stronger hyperlocomotor effects of MK801 in the former strain (Giorgi et 

al., 2019). D2 receptor antagonism, which reduces mesolimbic dopaminergic activity, has 

in turn been related to the reduction of locomotor activity produced by antipsychotic 

drugs (e.g. Oliveras et al., 2017, and references therein). Hence, the global effects on 

activity observed with CLZ and ZPR might be related to their D2 antagonist properties. 

Conversely, since ARI acts as a partial D2 receptor agonist (Mauri et al., 2014) this could 

be the reason for the absence of global effects of ARI on activity while it retains a specific 

capacity to attenuate MK801-induced hyperactivity in RHA rats.  

Moreover, the three antipsychotics have in common that they act as a antagonists of 

5-HT2A receptors, and they also have partial agonist activity at 5-HT1A receptors, with 

CLZ showing the weakest and ARI showing the most potent partial agonist activity of the 

three drugs (e.g., see Odagaki and Toyoshima 2007). 5-HT1A partial agonist activity has 

been proposed as a key neurochemical mechanism in the attenuation or reversal of PCP-

induced deficits on social behaviour (Snigdha & Neill, 2008). In fact, the three APs 

attenuate the deficits of “Social Preference” induced by MK801. It is nevertheless 

noteworthy that CLZ and ZPR appear to produce that effect by a trend to a relative 

reduction of “Non-Social Time” (relative to “Social Time”), whereas ARI is the only drug 

able to specifically and dose-dependently increase the “Social Time” (see Figure 6b).  

Importantly, in addition, ARI is the only of the three APs that significantly reduces the 

“Social Latency” (Figure 6d) of MK801-treated RHA rats (i.e., a reduction of >200s in 

“ARI3+MK” group vs. “VEH-MK” group). Collectively, these findings of ARI attenuation of 

MK801 effects on social time, hyperlocomotion and social latency, besides its effects on 

social preference, confirm that ARI is the most potent of all three APs drugs under the 
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present conditions.  This differential profile of effects of ARI (vs. CLZ and ZPR) might 

suggest that its more potent partial agonist effect at 5-HT1A receptors, relative to CLZ 

and ZPR (Odagaki & Toyoshima, 2007), and perhaps its D2 partial agonist activity, might 

underlie those effects on social behaviour. Since it has been shown that antagonism of 5-

HT1A receptor prevents the ARI attenuation of PCP-induced deficits on social behaviour 

in rats (Snigdha & Neill, 2008), the observed ARI specific effects give support to the notion 

that they might be predominantly mediated by its potent partial agonism at 5-HT1A 

receptors.  

5-HT1A receptors have been implicated in the cognitive/affective anomalies present 

in schizophrenia (e.g. Aznar and Hervig 2016; Ohno 2011) and, in line with that, previous 

reports have shown enhanced 5-HT1A receptor levels in the PFC of schizophrenic patients 

(Abi-Dargham, 2007; Burnet et al., 1996; Joyce et al., 1993; Meltzer & Sumiyoshi, 2008; 

Selvaraj et al., 2014). It has been proposed that postsynaptic 5-HT1A receptors tonically 

inhibit cholinergic and glutamatergic neuronal activity in septo-hippocampal/cortical 

areas, so that 5-HT1A-receptor partial agonists (such as atypical antipsychotics) might 

ameliorate some of the above symptoms due to a disinhibition of these 

cholinergic/glutamatergic neurons or systems (e.g. Ohno 2011). Consistent with the 

above findings from patients, rats showing deficits of prepulse inhibition, such as the Low-

PPI-stratified outbred HS rats and RHA rats, which are known to also display correlated 

cognitive deficits (Oliveras et al., 2015), exhibit increased mRNA expression or binding of 

5-HT1A receptors in the PFC (Elfving et al., 2019; Klein et al., 2014; Oliveras et al., 2017; 

Østerbøg et al., 2020). In addition, we have shown that prepulse inhibition of the startle 

response (which is impaired in patients with schizophrenia) is negatively correlated with 

mRNA expression of 5-HT1A receptors in PFC in a mixed sample of RHA, RLA and HS rats 

(Oliveras, 2017). Hence, the aforementioned profile of 5-HT1A receptors in RHA rats 

might also underlie the specific effects of ARI in this rat strain observed in the present 

study.       

To conclude, the main finding of the present study is that, in line with the literature, 

MK801 induces social withdrawal in the Roman rats, but this is clearly more marked in 

RHA rats than in their RLA counterparts. The results also show that the three atypical 

antipsychotics used here can reverse the MK801-induced impairment in “Social 

preference” in the RHA rats, whereas ARI presents the most potent “therapeutic” profile 

of the three APs.   These results are consistent with previous human  and rodent studies 

showing that NMDAR antagonists induce some negative symptomatology of 

schizophrenia and hyperactivity, and these effects could be reversed by the 

administration of second and third generation antipsychotics (Abel et al., 2003; Deakin et 

al., 2008; Neill et al., 2014). The present findings add further evidence that RHA rats may 

be a valid model of schizophrenia-relevant symptoms. Further studies, using sub-chronic 

or chronic administration of MK801 and/or other NMDAR antagonists, in combination 
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with atypical antipsychotics and different cognitive/attentional tests/tasks, are 

warranted to extend the present findings to other symptom-related phenotypes. 
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Figure 2. Dose-response effects of MK801 in the social interaction test in the Roman rat strains. a) Mean 

non-social time (±SEM) of RHA and RLA rats is shown for each MK801 dose. b) Mean social time (±SEM) 

of RHA and RLA rats is shown for each MK801 dose. c) Mean social preference (±SEM) of RHA and RLA 

rats is shown for all MK801 doses. d) Mean social latency (±SEM) of RHA and RLA rats is shown for each 

MK801 dose. d) Social latency time (±SEM) of RHA and RLA rats is shown for each MK801 dose. e) Mean 

number of crossings (±SEM) of RHA and RLA rats is shown for all the MK801 doses. RLA groups: VEH n=19; 

MK 0.05 n=10; MK 0.075 n=10; MK 0.1 n=10; MK 0.15 n=9; MK 0.2 n=6. RHA groups: VEH n=20; MK 0.05 

n=10; MK 0.075 n=10; MK 0.1 n=10; MK 0.15 n=5; MK 0.2 n=8. “Strain”, “Treatment” and 

“Strain*Treatment” effects (ANOVA). * p<0.05; ***p<0.001, between the groups indicated (Duncan’s 

multiple range test).   $, p<0.001 between the groups with the same symbol; &, p<0.01 between the 

groups with the same symbol (all posthoc comparisons with Duncan’s multiple range test).     
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Figure 3. Clozapine (CLZ) vs. MK801 (0.15mg/kg) results for the social interaction test in the Roman rat 

strains. a) Mean non-social time (±SEM) of RHA and RLA rats is shown for each MK801 and CLZ dose. b) 

Mean non-social time (±SEM) of the first five minutes of RHA and RLA rats is shown for each MK801 and 

CLZ dose. c) Mean social time (±SEM) of RHA and RLA rats is shown for each MK801 and CLZ dose. d) Mean 

social time (±SEM) of the first five minutes of RHA and RLA is shown for each MK801 and CLZ dose. e) 

Mean social preference (±SEM) of RHA and RLA rats is shown for all MK801 and CLZ doses. f) Mean social 

preference (±SEM) of the first five minutes of RHA and RLA rats is shown for each MK801 and CLZ dose.  

RLA groups: VEH-VEH n=16; VEH-MK n=16; CLZ1-VEH n=6; CLZ1-MK n=6; CLZ2.5-VEH n=10; CLZ2.5-MK 

n=10.  RHA groups: VEH-VEH n=12; VEH-MK n=16; CLZ1-VEH n=6; CLZ1-MK n=6; CLZ2.5-VEH n=10; CLZ2.5-

MK n=10. “Strain”, “MK801”, “Clozapine”, “Strain*MK801”, “Clozapine*MK801” and 

“Strain*Clozapine*MK801” effects (ANOVA). * p<0.05; ** p<0.01; ***p<0.001; # p<0.05 between the 

groups indicated (Duncan’s multiple range test).   
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Figure 4. Clozapine (CLZ) vs. MK801 (0.15mg/kg) results for the social interaction test in the Roman 

rat strains. a) Mean number of crossings (±SEM) of RHA and RLA rats is shown for each MK801 and 

CLZ dose. b) Mean number of crossings (±SEM) of the first five minutes of RHA and RLA rats is shown 

for each MK801 and CLZ dose. c) Mean social latency time (±SEM) of RHA and RLA rats is shown for 

each MK801 and CLZ dose.  RLA groups: VEH-VEH n=16; VEH-MK n=16; CLZ1-VEH n=6; CLZ1-MK n=6; 

CLZ2.5-VEH n=10; CLZ2.5-MK n=10.  RHA groups: VEH-VEH n=12; VEH-MK n=16; CLZ1-VEH n=6; CLZ1-

MK n=6; CLZ2.5-VEH n=10; CLZ2.5-MK n=10. “Strain”, “MK801”, “Clozapine”, “Strain*MK801”, 

“Clozapine*MK801” and “Strain*Clozapine*MK801” effects (ANOVA). * p<0.05; ** p<0.01; 

***p<0.001; # p<0.05; $$ p<0.01; $$$ p<0.001 between the groups indicated. $$, $$$, p<0.01, 

p<0.001 respectively, between the groups with the same symbol (all posthoc comparisons with 

Duncan’s multiple range test).   
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Figure 5. Ziprasidone (ZPR) vs. MK801 (0.15mg/kg) results for the social interaction test in the Roman 

rat strains. a) Mean non-social time (±SEM) of RHA and RLA rats is shown for each MK801 and ZPR dose. 

b) Mean social time (±SEM) of RHA and RLA rats is shown for each MK801 and ZPR dose. c) Mean social 

preference (±SEM) of RHA and RLA rats is shown for each MK801 and ZPR dose. d) Mean Social latency 

(±SEM) of RHA and RLA is shown for each MK801 and ZPR dose. e) Mean number of crossings (±SEM) of 

RHA and RLA rats is shown for all MK801 and ZPR doses.  RLA groups: VEH-VEH n=8; VEH-MK n=6; ZPR1.25-

VEH n=10; ZPR1.25-MK n=8; ZPR2.5-VEH n=8; ZPR2.5-MK n=6.  RHA groups: VEH-VEH n=8; VEH-MK n=7; 

CLZ1-VEH n=6; CLZ1-MK n=8; CLZ2.5-VEH n=6; CLZ2.5-MK n=10. “Strain”, “MK801”, “Ziprasidone”, 

“Strain*MK801”, and “Strain*Ziprasidone*MK801” effects (ANOVA). * p<0.05; ** p<0.01; ***p<0.001; # 

p<0.05 between the groups indicated.  $, p<0.05 between the groups with the same symbol (all posthoc 

comparisons with Duncan’s multiple range test).   
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Figure 6. Aripiprazole (ARI) vs. MK801 results for the social interaction test in the Roman rat strains. a) 

Mean non-social time (±SEM) of RHA and RLA rats is shown for each MK801 and ARI dose. b) Mean social 

time (±SEM) of RHA and RLA rats is shown for each MK801 and ARI dose. c) Mean social preference (±SEM) 

of RHA and RLA rats is shown for each MK801 and ARI dose. d) Mean social latency time (±SEM) of RHA 

and RLA is shown for each MK801 and ARI dose. e) Mean number of crossings (±SEM) of RHA and RLA rats 

is shown for all MK801 and ARI doses. RLA n=8/group. RHA n=8/group.  “Strain”, “MK801” and 

“Strain*MK801” effects (ANOVA). * p<0.05; ** p<0.01; ***p<0.001; # p<0.05 between the groups 

indicated; $, $$$, p<0.05, p<0.001 respectively, between the groups with the same symbol (all posthoc 

comparisons with Duncan’s multiple range test).   

  



03/Resultados 

155 

5. REFERENCES 

Abel, K. M., Allin, M. P. G., Kucharska-Pietura, K., David, A., Andrew, C., Williams, S., Brammer, M. J., & 

Phillips, M. L. (2003). Ketamine alters neural processing of facial emotion recognition in healthy men: 

an fMRI study. Neuroreport, 14(3), 387–391. https://doi.org/10.1097/00001756-200303030-00018 

Abi-Dargham, A. (2007). Alterations of serotonin transmission in schizophrenia. International Review of 

Neurobiology, 78, 133–164. https://doi.org/10.1016/S0074-7742(06)78005-9 

Aghajanian, G. K., & Marek, G. J. (2000). Serotonin model of schizophrenia: emerging role of glutamate 

mechanisms 1. Brain Research Reviews, 31(2-3):302-12. https://doi.org/10.1016/s0165-

0173(99)00046-6 

Aznar, S., & Hervig, M. E. S. (2016). The 5-HT2A serotonin receptor in executive function: Implications for 

neuropsychiatric and neurodegenerative diseases. Neuroscience and Biobehavioral Reviews, 64, 63–

82. https://doi.org/10.1016/J.NEUBIOREV.2016.02.008 

Bignami, G. (1965). Selection for high rates and low rates of avoidance conditioning in the rat. Animal 

Behaviour, 13(2–3), 221–227. https://doi.org/10.1016/0003-3472(65)90038-2 

Burnet, P. W. J., Eastwood, S. L., & Harrison, P. J. (1996). 5-HT1A and 5-HT2A receptor mRNAs and binding 

site densities are differentially altered in schizophrenia. Neuropsychopharmacology, 15(5), 442–455. 

https://doi.org/10.1016/S0893-133X(96)00053-X 

Deakin, J. F. W., Lees, J., McKie, S., Hallak, J. E. C., Williams, S. R., & Dursun, S. M. (2008). Glutamate and 

the Neural Basis of the Subjective Effects of Ketamine: A Pharmaco–Magnetic Resonance Imaging 

Study. Archives of General Psychiatry, 65(2), 154–164. https://doi.org/ 

10.1001/ARCHGENPSYCHIATRY.2007.37 

Deiana, S., Watanabe, A., Yamasaki, Y., Amada, N., Kikuchi, T., Stott, C., & Riedel, G. (2015). MK-801-induced 

deficits in social recognition in rats. Behavioural Pharmacology, 26, 748–765. https://doi.org/ 

10.1097/FBP.0000000000000178 

Díaz-Morán, S., Palència, M., Mont-Cardona, C., Cañete, T., Blázquez, G., Martínez-Membrives, E., López-

Aumatell, R., Sabariego, M., Donaire, R., Morón, I., Torres, C., Martínez-Conejero, J. A., Tobeña, A., 

Esteban, F. J., & Fernández-Teruel, A. (2013). Gene expression in amygdala as a function of 

differential trait anxiety levels in genetically heterogeneous NIH-HS rats. Behavioural Brain Research, 

252, 422–431. https://doi.org/10.1016/J.BBR.2013.05.066 

Elfving, B., Müller, H. K., Oliveras, I., Østerbøg, T. B., Rio-Alamos, C., Sanchez-Gonzalez, A., Tobeña, A., 

Fernandez-Teruel, A., & Aznar, S. (2019). Differential expression of synaptic markers regulated during 

neurodevelopment in a rat model of schizophrenia-like behavior. Progress in Neuro-

Psychopharmacology and Biological Psychiatry, 95: 109669. https://doi.org/10.1016/ 

j.pnpbp.2019.109669 

Esnal, A., Sánchez-González, A., Río-Álamos, C., Oliveras, I., Cañete, T., Blázquez, G., Tobeña, A., & 

Fernández-Teruel, A. (2016). Prepulse inhibition and latent inhibition deficits in Roman high-

avoidance vs. Roman low-avoidance rats: Modeling schizophrenia-related features. Physiology and 

Behavior, 163, 267–273. https://doi.org/10.1016/j.physbeh.2016.05.020 

Fernández-Teruel, A., Blázquez, G., Pérez, M., Aguilar, R., Cañete, T., Guitart, M., Giménez-Llort, L., & 

Tobeña, A. (2006). Latent inhibition threshold in Roman high-avoidance rats: A psychogenetic model 

of abnormalities in attentional filter? Actas Espanolas de Psiquiatria, 34(4), 257–263. 

 



03/Resultados 

156 

Fernández-Teruel, A., Oliveras, I., Cañete, T., Rio-Álamos, C., Tapias-Espinosa, C., Sampedro-Viana, D., 

Sánchez-González, A., Sanna, F., Torrubia, R., González-Maeso, J., Driscoll, P., Morón, I., Torres, C., 

Aznar, S., Tobeña, A., Corda, M. G., & Giorgi, O. (2021). Neurobehavioral and neurodevelopmental 

profiles of a heuristic genetic model of differential schizophrenia- and addiction-relevant features: 

The RHA vs. RLA rats. Neuroscience and Biobehavioral Reviews, 131, 597–617. https://doi.org/ 

10.1016/j.neubiorev.2021.09.042 

Fomsgaard, L., Moreno, J. L., de la Fuente Revenga, M., Brudek, T., Adamsen, D., Rio-Alamos, C., Saunders, 

J., Klein, A. B., Oliveras, I., Cañete, T., Blazquez, G., Tobeña, A., Fernandez-Teruel, A., Gonzalez-Maeso, 

J., & Aznar, S. (2018). Differences in 5-HT2A and mGlu2 Receptor Expression Levels and Repressive 

Epigenetic Modifications at the 5-HT2A Promoter Region in the Roman Low- (RLA-I) and High- (RHA-

I) Avoidance Rat Strains. Molecular Neurobiology, 55(3), 1998–2012. https://doi.org/10.1007/ 

s12035-017-0457-y 

Giorgi, O., Corda, M. G., & Fernández-Teruel, A. (2019). A Genetic Model of Impulsivity, Vulnerability to 

Drug Abuse and Schizophrenia-Relevant Symptoms With Translational Potential: The Roman High- 

vs. Low-Avoidance Rats. Frontiers in Behavioral Neuroscience, 13, 1–16. https://doi.org/10.3389/ 

fnbeh.2019.00145 

Giorgi, O., Piras, G., & Corda, M. G. (2007). The psychogenetically selected Roman high- and low-avoidance 

rat lines: a model to study the individual vulnerability to drug addiction. Neuroscience and 

Biobehavioral Reviews, 31(1), 148–163. https://doi.org/10.1016/J.NEUBIOREV.2006.07.008 

González-Maeso, J., Ang, R. L., Yuen, T., Chan, P., Weisstaub, N. V., López-Giménez, J. F., Zhou, M., Okawa, 

Y., Callado, L. F., Milligan, G., Gingrich, J. A., Filizola, M., Meana, J. J., & Sealfon, S. C. (2008). 

Identification of a serotonin/glutamate receptor complex implicated in psychosis. Nature, 452(7183), 

93–97. https://doi.org/10.1038/NATURE06612 

Gururajan, A., Taylor, D. A., & Malone, D. T. (2010). Current pharmacological models of social withdrawal 

in rats. Behavioural Pharmacology, 21(8), 690–709. https://doi.org/10.1097/FBP.0b013e32833fa7df 

Gururajan, A., Taylor, D. A., & Malone, D. T. (2012). Cannabidiol and clozapine reverse MK-801-induced 

deficits in social interaction and hyperactivity in Sprague–Dawley rats. Journal of 

Psychopharmacology, 26(10), 1317–1332. https://doi.org/10.1177/0269881112441865 

Joyce, J. N., Shane, A., Lexow, N., Winokur, A., Casanova, M. F., & Kleinman, J. E. (1993). Serotonin uptake 

sites and serotonin receptors are altered in the limbic system of schizophrenics. 

Neuropsychopharmacology, 8(4), 315–336. https://doi.org/10.1038/NPP.1993.32 

Klein, A. B., Ultved, L., Adamsen, D., Santini, M. A., Tobeña, A., Fernandez-Teruel, A., Flores, P., Moreno, M., 

Cardona, D., Knudsen, G. M., Aznar, S., & Mikkelsen, J. D. (2014). 5-HT2A and mGlu2 receptor binding 

levels are related to differences in impulsive behavior in the Roman Low- (RLA) and High- (RHA) 

avoidance rat strains. Neuroscience, 263, 36–45. https://doi.org/10.1016/j.neuroscience. 

2013.12.063 

Krzystanek, M., & Pałasz, A. (2019). NMDA receptor model of antipsychotic drug-induced hypofrontality. 

International Journal of Molecular Sciences, 20(6):1442. https://doi.org/10.3390/ijms20061442 

Malhotra, A. K., Pinals, D. A., Adler, C. M., Elman, I., Clifton, A., Pickar, D., & Breier, A. (1997). Ketamine-

induced exacerbation of psychotic symptoms and cognitive impairment in neuroleptic-free 

schizophrenics. Neuropsychopharmacology, 17(3), 141–150. https://doi.org/10.1016/S0893-

133X(97)00036-5 

Mauri, M. C., Paletta, S., Maffini, M., Colasanti, A., Dragogna, F., Di Pace, C., & Altamura, A. C. (2014). Clinical 



03/Resultados 

157 

pharmacology of atypical antipsychotics: An update. EXCLI Journal, 13, 1163–1191. 

Meltzer, H. Y., Horiguchi, M., & Massey, B. W. (2011). The role of serotonin in the NMDA receptor 

antagonist models of psychosis and cognitive impairment. Psychopharmacology, 213(2–3), 289–305. 

https://doi.org/10.1007/s00213-010-2137-8 

Meltzer, H. Y., & Sumiyoshi, T. (2008). Does stimulation of 5-HT(1A) receptors improve cognition in 

schizophrenia? Behavioural Brain Research, 195(1), 98–102. https://doi.org/10.1016/ 

J.BBR.2008.05.016 

Meyza, K. Z., Boguszewski, P. M., Nikolaev, E., & Zagrodzka, J. (2009). Diverse sensitivity of RHA/Verh and 

RLA/Verh rats to emotional and spatial aspects of a novel environment as a result of a distinct pattern 

of neuronal activation in the fear/anxiety circuit. Behavior Genetics, 39(1), 48–61. https://doi.org/ 

10.1007/s10519-008-9234-z 

Neill, J. C., Barnes, S., Cook, S., Grayson, B., Idris, N. F., McLean, S. L., Snigdha, S., Rajagopal, L., & Harte, M. 

K. (2010). Animal models of cognitive dysfunction and negative symptoms of schizophrenia: Focus on 

NMDA receptor antagonism. Pharmacology and Therapeutics, 128(3), 419–432. https://doi.org/ 

10.1016/j.pharmthera.2010.07.004 

Neill, J. C., Harte, M. K., Haddad, P. M., Lydall, E. S., & Dwyer, D. M. (2014). Acute and chronic effects of 

NMDA receptor antagonists in rodents, relevance to negative symptoms of schizophrenia: A 

translational link to humans. European Neuropsychopharmacology, 24(5), 822–835. https://doi.org/ 

10.1016/j.euroneuro.2013.09.011 

Odagaki, Y., & Toyoshima, R. (2007). 5-HT1A receptor agonist properties of antipsychotics determined by 

[35S]GTPγS binding in rat hippocampal membranes. Clinical and Experimental Pharmacology and 

Physiology, 34(5–6), 462–466. https://doi.org/10.1111/j.1440-1681.2007.04595.x 

Ohno, Y. (2011). Therapeutic role of 5-HT1A receptors in the treatment of schizophrenia and Parkinson’s 

disease. CNS Neuroscience & Therapeutics, 17(1), 58–65. https://doi.org/10.1111/J.1755-

5949.2010.00211.X 

Oliveras, I. (2017). Modelant la simptomatologia de l’esquizofrènia en les soques de rates Romanes i en les 

genèticament heterogènies NIH-HS (Modeling schizophrenia symptoms in the Roman rat strains and 

the genetically heterogeneous NIH-HS rats). Dissertation. Autonomous University of Barcelona. 

ISBN:9788449074554 

Oliveras, I., Río-Álamos, C., Cañete, T., Blázquez, G., Martínez-Membrives, E., Giorgi, O., Corda, M. G., 

Tobeña, A., & Fernández-Teruel, A. (2015). Prepulse inhibition predicts spatial working memory 

performance in the inbred Roman high- and low-avoidance rats and in genetically heterogeneous 

NIH-HS rats: relevance for studying pre-attentive and cognitive anomalies in schizophrenia. Frontiers 

in Behavioral Neuroscience, 9, 1–16. https://doi.org/10.3389/fnbeh.2015.00213 

Oliveras, I., Sánchez-González, A., Sampedro-Viana, D., Piludu, M. A., Río-Alamos, C., Giorgi, O., Corda, M. 

G., Aznar, S., González-Maeso, J., Gerbolés, C., Blázquez, G., Cañete, T., Tobeña, A., & Fernández-

Teruel, A. (2017). Differential effects of antipsychotic and propsychotic drugs on prepulse inhibition 

and locomotor activity in Roman high- (RHA) and low-avoidance (RLA) rats. Psychopharmacology, 

234(6), 957–975. https://doi.org/10.1007/s00213-017-4534-8 

Oliveras, I., Soria-Ruiz, O. J., Sampedro-Viana, D., Cañete, T., Tobeña, A., & Fernández-Teruel, A. (2022). 

Social preference in Roman rats: Age and sex variations relevance for modeling negative 

schizophrenia-like features. Physiology and Behavior, 247:113722. https://doi.org/10.1016/ 

j.physbeh.2022.113722 



03/Resultados 

158 

Østerbøg, T. B., On, D. M., Oliveras, I., Río-Álamos, C., Sanchez-Gonzalez, A., Tapias-Espinosa, C., Tobeña, 

A., González-Maeso, J., Fernández-Teruel, A., & Aznar, S. (2020). Metabotropic Glutamate Receptor 

2 and Dopamine Receptor 2 Gene Expression Predict Sensorimotor Gating Response in the 

Genetically Heterogeneous NIH-HS Rat Strain. Molecular Neurobiology, 57(3), 1516–1528. 

https://doi.org/10.1007/S12035-019-01829-W 

Panksepp, J., Nelson, E., & Bekkedal, M. (1997). Brain systems for the mediation of social separation-

distress and social-reward. Evolutionary antecedents and neuropeptide intermediaries. Annals of the 

New York Academy of Sciences, 807, 78–100. https://doi.org/10.1111/j.1749-6632.1997.tb51914.x 

Ratajczak, P., Kus, K., Gołembiowska, K., Noworyta-Sokołowska, K., Woźniak, A., Zaprutko, T., & 

Nowakowska, E. (2016). The influence of aripiprazole and olanzapine on neurotransmitters level in 

frontal cortex of prenatally stressed rats. Environmental Toxicology and Pharmacology, 46, 122–130. 

https://doi.org/10.1016/j.etap.2016.07.007 

Río-Álamos, C., Gerbolés, C., Tapias-Espinosa, C., Sampedro-Viana, D., Oliveras, I., Sánchez-González, A., 

Cañete, T., Blázquez, G., del Mar López, M., Baldellou, C., Otaegui, P. J., Tobeña, A., & Fernández-

Teruel, A. (2017). Conservation of Phenotypes in the Roman High- and Low-Avoidance Rat Strains 

After Embryo Transfer. Behavior Genetics, 47(5), 537–551. https://doi.org/10.1007/s10519-017-

9854-2 

Río-Álamos, C., Oliveras, I., Piludu, M. A., Gerbolés, C., Cañete, T., Blázquez, G., Lope-Piedrafita, S., 

Martínez-Membrives, E., Torrubia, R., Tobeña, A., & Fernández-Teruel, A. (2017). Neonatal handling 

enduringly decreases anxiety and stress responses and reduces hippocampus and amygdala volume 

in a genetic model of differential anxiety: Behavioral-volumetric associations in the Roman rat strains. 

European Neuropsychopharmacology, 27(2), 146–158. https://doi.org/10.1016/ 

j.euroneuro.2016.12.003 

Río-Álamos, C., Piludu, M. A., Gerbolés, C., Barroso, D., Oliveras, I., Sánchez-González, A., Cañete, T., Tapias-

Espinosa, C., Sampedro-Viana, D., Torrubia, R., Tobeña, A., & Fernández-Teruel, A. (2019). Volumetric 

brain differences between the Roman rat strains: Neonatal handling effects, sensorimotor gating and 

working memory. Behavioural Brain Research, 361, 74–85. https://doi.org/10.1016/ 

j.bbr.2018.12.033 

Rung, J. P., Carlsson, A., Markinhuhta, K. R., & Carlsson, M. L. (2005). (+)-MK-801 induced social withdrawal 

in rats; A model for negative symptoms of schizophrenia. Progress in Neuro-Psychopharmacology and 

Biological Psychiatry, 29(5), 827–832. https://doi.org/10.1016/j.pnpbp.2005.03.004 

Sabariego, M., Gómez, M. J., Morón, I., Torres, C., Fernández-Teruel, A., Tobeña, A., Cañete, T., Martínez-

Conejero, J. A., Horcajadas, J. A., & Esteban, F. J. (2011). Differential gene expression between inbred 

Roman high- (RHA-I) and low- (RLA-I) avoidance rats. Neuroscience Letters, 504(3), 265–270. https:// 

doi.org/10.1016/J.NEULET.2011.09.044 

Sabariego, M., Morón, I., Gómez, M. J., Donaire, R., Tobeña, A., Fernández-Teruel, A., Martínez-Conejero, 

J. A., Esteban, F. J., & Torres, C. (2013). Incentive loss and hippocampal gene expression in inbred 

Roman high- (RHA-I) and Roman low- (RLA-I) avoidance rats. Behavioural Brain Research, 257, 62–

70. https://doi.org/10.1016/J.BBR.2013.09.025 

Sampedro-Viana, D., Cañete, T., Sanna, F., Soley, B., Giorgi, O., Corda, M. G., Torrecilla, P., Oliveras, I., 

Tapias-Espinosa, C., Río-Álamos, C., Sánchez-González, A., Tobeña, A., & Fernández-Teruel, A. (2021). 

Decreased social interaction in the RHA rat model of schizophrenia-relevant features: Modulation by 

neonatal handling. Behavioural Processes, 188:104397. https://doi.org/10.1016/ 

j.beproc.2021.104397 



03/Resultados 

159 

Selvaraj, S., Arnone, D., Cappai, A., & Howes, O. (2014). Alterations in the serotonin system in schizophrenia: 

a systematic review and meta-analysis of postmortem and molecular imaging studies. Neuroscience 

and Biobehavioral Reviews, 45, 233–245. https://doi.org/10.1016/J.NEUBIOREV.2014.06.005 

Snigdha, S., & Neill, J. C. (2008a). Efficacy of antipsychotics to reverse phencyclidine-induced social 

interaction deficits in female rats-A preliminary investigation. Behavioural Brain Research, 187(2), 

489–494. https://doi.org/10.1016/j.bbr.2007.10.012 

Snigdha, S., & Neill, J. C. (2008b). Improvement of phencyclidine-induced social behaviour deficits in rats: 

Involvement of 5-HT1A receptors. Behavioural Brain Research, 191(1), 26–31. 

https://doi.org/10.1016/j.bbr.2008.03.018 

Tapias-Espinosa, C., Río-Álamos, C., Sampedro-Viana, D., Gerbolés, C., Oliveras, I., Sánchez-González, A., 

Tobeña, A., & Fernández-Teruel, A. (2018). Increased exploratory activity in rats with deficient 

sensorimotor gating: a study of schizophrenia-relevant symptoms with genetically heterogeneous 

NIH-HS and Roman rat strains. Behavioural Processes, 151, 96–103. https://doi.org/10.1016/ 

j.beproc.2018.03.019 

Tapias-Espinosa, C., Río-Álamos, C., Sánchez-González, A., Oliveras, I., Sampedro-Viana, D., Castillo-Ruiz, M. 

del M., Cañete, T., Tobeña, A., & Fernández-Teruel, A. (2019). Schizophrenia-like reduced 

sensorimotor gating in intact inbred and outbred rats is associated with decreased medial prefrontal 

cortex activity and volume. Neuropsychopharmacology, 44(11):1975-1984. https://doi.org/10.1038/ 

s41386-019-0392-x 

Wilson, C. A., & Koenig, J. I. (2014). Social interaction and social withdrawal in rodents as readouts for 

investigating the negative symptoms of schizophrenia. European Neuropsychopharmacology, 24(5), 

759–773. https://doi.org/10.1016/j.euroneuro.2013.11.008 

Wood, C. M., Nicolas, C. S., Choi, S. L., Roman, E., Nylander, I., Fernandez-Teruel, A., Kiianmaa, K., 

Bienkowski, P., de Jong, T. R., Colombo, G., Chastagnier, D., Wafford, K. A., Collingridge, G. L., Wildt, 

S. J., Conway-Campbell, B. L., Robinson, E. S. J., & Lodge, D. (2017). Prevalence and influence of 

cys407* Grm2 mutation in Hannover-derived Wistar rats: mGlu2 receptor loss links to alcohol intake, 

risk taking and emotional behaviour. Neuropharmacology, 115, 128–138. https://doi.org/10.1016/ 

j.neuropharm.2016.03.020 

 

 

 

 

  


	a7f4d7be7acd196746ad4805f12c67719112884f16006a2fb9fde4f888f35e3a.pdf
	a7f4d7be7acd196746ad4805f12c67719112884f16006a2fb9fde4f888f35e3a.pdf

