

  ijms-22-04119




ijms-22-04119







Int. J. Mol. Sci. 2021, 22(8), 4119; doi:10.3390/ijms22084119




Article



Towards Novel Treatments for Schizophrenia: Molecular and Behavioural Signatures of the Psychotropic Agent SEP-363856



Veronica Begni 1,†[image: Orcid], Alice Sanson 1,†, Alessia Luoni 1, Federica Sensini 1, Ben Grayson 2, Syeda Munni 2, Joanna C. Neill 2 and Marco A. Riva 1,3,*[image: Orcid]





1



Laboratory of Psychopharmacology and Molecular Psychiatry, Department of Pharmacological and Biomolecular Sciences, University of Milan, Via Balzaretti 9, 20133 Milan, Italy






2



Manchester Academic Health Science Centre, Division of Pharmacy and Optometry, School of Health Sciences, Faculty of Medicine, Biology and Health, University of Manchester, Manchester M13 9PT, UK






3



Biological Psychiatry Laboratory, IRCCS Istituto Centro San Giovanni di Dio Fatebenefratelli, Via Pilastroni, 4, 25125 Brescia, Italy









*



Correspondence: m.riva@unimi.it; Tel.: +39-02-503-18334






†



These authors contributed equally to this work and share first authorship.









Academic Editor: Juan F. Lopez-Gimenez



Received: 8 March 2021 / Accepted: 13 April 2021 / Published: 16 April 2021



Abstract

:

Schizophrenia is a complex psychopathology whose treatment is still challenging. Given the limitations of existing antipsychotics, there is urgent need for novel drugs with fewer side effects. SEP-363856 (SEP-856) is a novel psychotropic agent currently under phase III clinical investigation for schizophrenia treatment. In this study, we investigated the ability of an acute oral SEP-856 administration to modulate the functional activity of specific brain regions at basal levels and under glutamatergic or dopaminergic-perturbed conditions in adult rats. We found that immediate-early genes (IEGs) expression was strongly upregulated in the prefrontal cortex and, to a less extent, in the ventral hippocampus, suggesting an activation of these regions. Furthermore, SEP-856 was effective in preventing the hyperactivity induced by an acute injection of phencyclidine (PCP), but not of d-amphetamine (AMPH). The compound effectively normalized the PCP-induced increase in IEGs expression in the PFC at all doses tested, whereas only the highest dose determined the major modulations on AMPH-induced changes. Lastly, SEP-856 acute administration corrected the cognitive deficits produced by subchronic PCP administration. Taken together, our data provide further insights on SEP-856, suggesting that modulation of the PFC may represent an important mechanism for the functional and behavioural activity of this novel compound.
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1. Introduction


Schizophrenia is a chronic and severe psychiatric disorder that affects approximately 20 million people worldwide [1]. It is characterized by a variety of clinical manifestations, of three main types: positive symptoms (hallucinations and thought alterations), negative symptoms (impaired social interaction and avolition) and cognitive deficits (attention and memory impairments) [2]. Antipsychotic drugs (APDs) represent the mainstay for the treatment of schizophrenia, acting through the modulation of dopamine D2 and serotonin 5-HT2 A receptors, although second generation APDs are considered multireceptor modulators [3]. While these drugs are effective in alleviating positive symptoms of schizophrenia, they show variable responses on negative symptoms and cognitive dysfunction. For this reason, there is an urgent need to develop novel compounds to provide a more effective management of the disorder [4,5]. To this end, SEP-363856 [(S)-1-(4,7-dihydro-5H-thieno[2,3-c]pyran-7-yl)-n-methylmethanamine hydrochloride] is a compound with a novel mechanism that demonstrated antipsychotic activity in a phase II study [6] and is currently under phase III of clinical development. Although its mechanism of action has not been completely elucidated, SEP-363856 (SEP-856) mainly acts as agonist at serotonin 5-HT1 A and trace amine-associated (TAAR1) receptors [7]. 5-HT1 A receptors are mostly expressed as presynaptic autoreceptors on serotoninergic neurons in the dorsal raphe nucleus (DRN) and as postsynaptic heteroreceptors on nonserotoninergic neurons in various brain regions, including hippocampus, prefrontal cortex, amygdala and hypothalamus [8]. On the other hand, TAAR1, a member of the TAAR family, is a G protein-coupled receptor, mostly expressed in the ventral tegmental area (VTA) and DRN [9,10]. TAAR1 modulates monoamine transmission, as it can interact and regulate dopaminergic and serotoninergic signalling by inhibiting D2 while activating 5-HT1 A receptors [11]. Considering its modulatory functions, this receptor is becoming a promising target for pharmacological intervention. Accordingly, a previous preclinical characterization of SEP-856 showed its effectiveness in alleviating behaviours reflecting both positive and negative schizophrenia symptomatology, suggesting a broad spectrum of therapeutic efficacy [7]. Moreover, SEP-856 proved to be effective in reducing the increase of dopamine synthesis that followed subchronic ketamine administration [12].



Since one key aspect of APDs is their ability to modulate the activity of specific brain circuits and structures, the aim of the present study was to investigate in more detail such mechanisms in response to SEP-856 administration. To this end, we first conducted an explorative experiment in male rats, investigating the effects of an acute administration of SEP-856 on the expression of immediate-early genes (IEGs) in different brain regions such as prefrontal cortex, dorsal and ventral hippocampus and striatum, which play a pivotal role in the pathophysiology of schizophrenia. To the best of our knowledge, although the selective agonism of TAAR1 and 5-HT1 A, in addition to the lack of D2/5-HT2 A-mediated efficacy has been proved [7], no study so far has investigated the ability of SEP-856 to modulate specific brain regions in healthy animals under basal conditions.



Next, considering the limited ability of molecules lacking D2 receptor affinity in alleviating schizophrenia symptomatology [4], we investigated whether an acute administration of SEP-856 could ameliorate the behavioural and molecular alterations induced by psychotomimetic drugs that may reproduce key functional alterations observed in schizophrenia. To this purpose, we tested the ability of SEP-856 in modulating the behavioural and functional responses to an acute administration of either phencyclidine (PCP) or d-amphetamine (AMPH) in female rats, which are more sensitive to psychostimulants [13,14]. PCP is a noncompetitive antagonist at the glutamatergic n-methyl-D-aspartate (NMDA) receptor that may mimic a hypoglutamatergic state thought to be relevant for different schizophrenia-like symptoms [15]. Alternatively, AMPH is able to enhance dopamine release, thus leading to a hyperdopaminergic state that underlies the positive symptoms of schizophrenia [16]. Last, to evaluate the therapeutic potential of SEP-856 in schizophrenia, we investigated whether acute administration of SEP-856 could improve the cognitive deficits originating from a subchronic PCP regimen, a valuable tool to induce a schizophrenia-like phenotype in rodents, particularly cognitive dysfunctions of relevance to the illness (see [17,18] for reviews).




2. Results


2.1. Acute SEP-856 Administration Up-Regulates the Expression of Activity-Regulated Genes with Anatomical Selectivity


As a first step, we investigated the ability of SEP-856 to modulate the activity of different brain regions after acute administration. First we measured the expression of the activity-regulated cytoskeleton associated protein (Arc), an immediate-early gene involved in neuroplasticity, determining memory formation and sustaining cognitive processes [19,20]. As shown in Figure 1A, Arc mRNA levels were significantly modulated by SEP-856 treatment in the PFC (F(3,24) = 10.193, p = 0.000162) and ventral-HIP (F(3,24) = 4.964, p = 0.008). In detail, SEP-856 treatment strongly upregulated the expression of Arc in the PFC at all doses tested (1 mg/kg, p < 0.001; 3 and 10 mg/kg, p < 0.01). Conversely, in the ventral-HIP, Arc mRNA levels were significantly upregulated only by the lowest dose (1 mg/kg, p < 0.05). In contrast, acute SEP-856 treatment was not able to alter Arc mRNA levels within the striatum (F(3,33) = 0.815, p = 0.495) or dorsal-HIP (F(3,26) = 0.295, p = 0.829).



A similar pattern of modulation was observed for the cellular oncogene C-Fos (c-Fos), a regulatory transcription factor important for learning and memory [21] (Figure 1B). Indeed, its mRNA levels were significantly increased after acute SEP-856 treatment within the PFC (F(3,24) = 14.471, p = 0.000014) and the ventral-HIP (F(3,26) = 4.123, p = 0.016). Similar to Arc expression, all doses of the compound were able to produce a significant upregulation of c-Fos expression within the PFC (1 and 3 mg/kg, p < 0.001; 10 mg/kg, p < 0.01). In the ventral-HIP, c-Fos mRNA levels were significantly induced by the compound at the doses of 3 and 10 mg/kg (p < 0.05). Conversely, and as for Arc, the acute administration of SEP-856 did not produce any significant change within the striatum (F(3,36) = 1.329, p = 0.280) or the dorsal-HIP (F(3,31) = 1.007, p = 0.403).



Next, we analysed the expression of the zinc finger binding protein clone 268 (Zif268/Egr1), a transcription factor involved in several neuronal plasticity processes [22]. As shown in Figure 1C, Zif268/Egr1 mRNA levels were also significantly upregulated by acute SEP-856 treatment within the PFC (F(3,34) = 6.927, p = 0.001). Specifically, this effect was significant for the lowest and highest doses of the compound (1 and 10 mg/kg, p < 0.01), while the increase observed in animals treated with SEP-856 at 3 mg/kg did not reach statistical significance (p = 0.231). Furthermore, the acute administration of SEP-856 did not produce significant changes of the Zif268/Egr1 mRNA levels in the ventral (F(3,25) = 2.173, p = 0.116) and dorsal (F(3,33) = 0.421, p = 0.739) hippocampus, or in the striatum (F(3,33) = 1.694, p = 0.187).



Lastly, we investigated neuronal PAS domain protein (Npas4), a neuronal transcription factor that regulates the excitatory/inhibitory balance [23,24]. As shown in Figure 1D, we found that SEP-856 was able to induce its mRNA levels only within the PFC (F(3,35) = 10.226, p = 0.000056). In detail, the acute administration of the compound at the dose of 1 and 3 mg/kg produced a significant increase of Npas4 mRNA levels (1 mg/kg, p < 0.001; 3 mg/kg, p < 0.05). Conversely, in line with the results for other IEGs expression, Npas4 mRNA levels were not modulated by acute SEP-3856 treatment within either the hippocampal subregions (Ventral-HIP: F(3,30) = 1.442, p = 0.250; Dorsal-HIP: F(3,34) = 0.692, p = 0.563) or within the striatum (F(3,35) = 2.085, p = 0.120).




2.2. Modulation of PCP-Induced Hyperlocomotion after Acute SEP-856 Administration


To investigate the antipsychotic-like activity of SEP-856, we measured its ability to modulate the total locomotor activity in animals treated with PCP, mimicking a pathological condition. Figure 2A shows a comprehensive analysis of locomotor activity over the total 150 min evaluation. Repeated measures ANOVA showed a significant main effect of time and treatment, but only a slight tendency towards significance for time*treatment interaction (main effect of time: F(7.860,337.984) = 56.832, p = 1.88 × e−57, ηp2 = 0.569; main effect of treatment: F(4,43) = 5.973, p = 0.0006, ηp2 = 0.357; time*treatment: F(31.440,337.984) = 1.396, p = 0.082, ηp2 = 0.115). Indeed, PCP administration induced a significant immediate hyperactive state (p < 0.05), maintained throughout the behavioural evaluation, that was attenuated by the pretreatment with SEP-856 at any dose (p < 0.01 for all doses vs. PCP).



Based on that, we further analysed the behavioural data focusing on the total movements before and after PCP administration individually. As Figure 2B shows, statistical analysis of the total movements during the first 60 min of the test revealed a significant effect of drug treatment (F(3,44) = 7.067, p = 0.0006). Indeed, as confirmed by post hoc comparisons, the treatment with SEP-856 at all doses significantly reduced total activity within the first part of the test, i.e., before administration of PCP (p < 0.05 for 1 mg/kg, p < 0.01 for 3 and 10 mg/kg compared with vehicle control). Similarly, we observed a significant effect of drug treatment when analysing the second part of the test, post-PCP administration (65–150 min; F(4,43) = 4.895, p = 0.002). Indeed, PCP administration induced a robust and significant increase in total activity compared to vehicle control (p < 0.01), an effect which SEP-856 significantly attenuated (p < 0.05 for 1 mg/kg, p < 0.01 for 3 and 10 mg/kg, compared with PCP alone) (Figure 2C).




2.3. Analysis of IEGs Expression in Rat Prefrontal Cortex Following PCP Administration: Modulation by Acute Pretreatment with SEP-856


Based on the significant changes observed in the expression of IEGs within the PFC after acute SEP-856 administration in the explorative experiment, and significant attenuation of PCP-induced hyperlocomotion, we decided to investigate if pretreatment with the compound could modulate the effects of an acute PCP injection on the expression of IEGs in this specific brain region.



The statistical analysis of Arc gene expression showed a significant effect of drug treatment (F(4,36) = 3.152, p = 0.025). Indeed, as shown in Figure 3A, acute PCP administration produced an increase of Arc mRNA levels, although this effect did not reach statistical significance (+52%, p = 0.072). This mild activation of Arc expression was prevented by the pretreatment with SEP-856. Specifically, the administration of the compound at 3 mg/kg and 10 mg/kg doses appeared to be more effective in preventing the PCP-induced changes, as confirmed by post hoc comparison (p < 0.05 and p = 0.066 vs. PCP-treated animals, with 3 and 10 mg/kg respectively).



When investigating c-Fos expression (Figure 3B), univariate ANOVA revealed a significant modulation by drug treatment (F(4,33) = 3.279, p = 0.023). Indeed, acute PCP administration produced a significant increase of c-Fos mRNA levels (+60%, p < 0.05). While this effect was not counteracted by the lowest dose of SEP-856 (1 mg/kg) (+59%, p < 0.05 vs. vehicle treated rats), the doses of 3 and 10 mg/kg were able to mitigate the upregulation of c-Fos expression (p = 0.057 and p > 0.05 vs. vehicle treated rats). However, none of the administered doses of SEP-856 induced a modulation statistically different compared to PCP treatment alone.



Lastly, drug treatment did not produce any significant modulation of Zif268/Egr1 (Figure 3C; F(4,40) = 2.194, p = 0.087) and Npas4 (Figure 3D; F(4,38) = 1.043, p = 0.398) mRNA levels.



Next, in order to establish if the ability of SEP-856 in preventing PCP-induced hyperactivity could be associated with the molecular changes of IEGs expression, we calculated the Pearson product-moment correlation coefficient (r) between the total movements measured in the second part of the test (65–150 min) and mRNA levels of Arc, c-Fos, Zif268/Egr1 and Npas4. As depicted in Figure 4, we found a significant positive correlation between the total locomotor activity and Arc mRNA levels (Figure 4A; r = 0.352, p < 0.05). Conversely, no significant correlations were found between the behavioural performance and the expression of other IEGs.




2.4. Modulation of AMPH-Induced Hyperlocomotion after Acute SEP-856 Administration


To further characterize SEP-856 activity, we measured the total locomotor activity following an injection of AMPH, which mimics a hyperdopaminergic state, in animals pretreated with SEP-856 or vehicle.



Repeated measures of ANOVA over the 150 min evaluation showed a significant main effect of time, treatment and time*treatment interaction (main effect of time: F(7.250, 311.750) = 33.438, p = 2.04 × e−35, ηp2 = 0.437; main effect of treatment: F(4,43) = 3.378, p = 0.017, ηp2 = 0.239; time*treatment: F(29.000, 311.750) = 4.617, p = 2.3 × e−12, ηp2 = 0.300). Indeed, as shown in Figure 5A, AMPH produced a strong increase of the locomotor activity (p < 0.05) that was not prevented by pretreatment with any doses of SEP-856 (1 mg/kg: p < 0.05; 10 mg/kg: p = 0.066 vs. vehicle-treated rats). Moreover, when analysing the total counts during the first 60 min of the test (Figure 5B), univariate ANOVA showed an almost significant effect of drug treatment (F(3,44) = 2.643, p = 0.061). Focusing on the second part of the test, we found a significant effect of drug treatment (F(4,43) = 5.494, p = 0.001), as confirmed by post hoc comparisons. Indeed, AMPH administration produced a significant increase in total locomotor activity compared to vehicle-treated rats (p < 0.01). However, the acute pretreatment with SEP-856 did not prevent this effect at any dose (p < 0.05 for 3 mg/kg; p < 0.01 for 1 and 10 mg/kg vs. vehicle treated rats). Accordingly, behavioural performances of SEP-856 pretreated animals did not significantly differ from AMPH-injected rats (p > 0.05 for all doses vs. AMPH) (Figure 5C).




2.5. Analysis of IEGs Expression in Rat Prefrontal Cortex Following AMPH Administration: Modulation by Acute Pretreatment with SEP-856


Although acute SEP-856 administration was not able to prevent the hyperlocomotion produced by AMPH, we decided to examine the pattern of IEGs expression to investigate the potential of SEP-856 to modulate PFC activation under perturbed dopaminergic function.



When investigating Arc mRNA expression, univariate ANOVA showed a significant effect of drug treatment (F(4,40) = 4.95, p = 0.004). Indeed, as shown in Figure 6A, acute AMPH administration produced an increase of Arc mRNA levels, although the effect did not reach statistical significance (+48%, p = 0.059). The elevation of Arc expression was prevented by the acute pretreatment with SEP-856 at all doses, with the main effect at 10 mg/kg (p < 0.01 vs. AMPH-treated animals).



Conversely, analysis of the other IEGs did not reveal a significant effect of drug treatment, suggesting that the expression of c-Fos (Figure 6B; F(4,41) = 1.644, p = 0.182), Zif268/Egr1 (Figure 6C; F(4,39) = 2.140, p = 0.094) and Npas4 (Figure 6D; F(4,40) = 1.823, p = 0.143) was not significantly affected by AMPH administration alone or following pretreatment with any dose of SEP-856.




2.6. Acute SEP-856 Administration Attenuates the Cognitive Deficits Induced by Sub-Chronic PCP Treatment


In order to substantiate the potential effectiveness of SEP-856 on a pathological domain relevant for schizophrenia, we decided to investigate the ability of an acute treatment with the compound on cognitive function in the subchronic PCP rat model using the novel object recognition test (NOR) [25]. Although no significant difference was observed in the exploration times of each object during the acquisition trial of the task, as well as in the total exploration times of each trial (Figure 7A), the subchronic treatment with PCP determined a strong impairment in the retention trial: scPCP-treated animals spent an equal amount of time exploring the familiar and the novel object (Figure 7B). While this deficit persisted in animals treated with SEP-856 at dose 1 mg/kg, we found that rats acutely treated with the highest dose of SEP-856 spent significantly longer time exploring the novel object (p < 0.001 novel vs. familiar). As further confirmed by the analysis of the discrimination index (DI; ANOVA: F(3,24) = 12.293, p = 0.000045), scPCP strongly reduced cognitive performance (Figure 7C, p < 0.01) after seven days of wash out, and the acute administration with the highest dose of SEP-856 significantly reversed this phenotype (p < 0.01 vs. scPCP). On the other end, the lowest dose of SEP-856 (1 mg/kg) did not improve the impaired performance in scPCP-treated animals (p < 0.001 vs. controls), as indicated by the strongly reduced DI.





3. Discussion


In this study, we first aimed to provide primary evidence for the ability of SEP-856 to modulate specific brain regions under basal conditions. Moreover, we tested its ability to ameliorate the dysfunctions that might be observed under a situation of altered glutamatergic or dopaminergic functionality, using experimental settings that have been already validated with other antipsychotic drugs. In the first explorative experiment we found that an oral administration of SEP-856, given in a range of doses whose antipsychotic ability has been already demonstrated [7], exerted a primary modulatory activity on the prefrontal cortex (PFC) in healthy animals under resting conditions. Furthermore, cortical excitation seemed to be involved in preventing functional and molecular alterations observed in schizophrenia-related dysfunctions.



We found that an acute treatment with SEP-856 produced a marked elevation of a number of activity dependent genes (IEGs), such as Arc, c-Fos, Zif268/Egr1 and Npas4, under basal conditions in the prefrontal cortex, and much less in other structures. In line with our data, IEGs expression throughout the brain in response to antipsychotic challenge has been extensively investigated showing region-specific modulations of IEGs expression after antipsychotic treatments [26]. Specifically, atypical antipsychotics such as clozapine induced limbic and prefrontal cortical IEGs expression, whereas a substantial induction in the striatum was found following haloperidol administration [27]. IEGs expression analysis first specifies if a brain area is activated by a certain compound and then may provide information on downstream responses and mechanisms of action that may set the picture for long-term changes set in motion by prolonged drug administration [26,28,29].



In this respect, the PFC appeared to be the brain region showing the most significant changes in response to the acute administration of SEP-856. The modulation of the PFC is shared by different antipsychotic drugs that, after acute or chronic administration, may promote the regulation of IEGs transcription [26,29,30] as well as the modulation of neurotransmitter release [3,31]. The effects of SEP-856 in PFC may depend upon 5-HT1 A activation. Indeed, previous studies have shown an upregulation of different IEGs, including Arc, c-Fos and Zif268/Egr1, within the PFC following administration of the selective serotonin 5-HT1 A receptor agonist (+)-8-hydroxy-2-(di-n-propylamino)tetralin ((+)-8-OH-DPAT) [32]. Although administration of the TAAR1 agonist RO5166017 does not modulate c-Fos expression within the PFC [33], we cannot exclude a contribution of TAAR1 agonism in the regulation of other IEGs. The PFC receives serotonergic innervation from the median and dorsal raphe nuclei (DRN) and sends glutamatergic projections to these raphe nuclei [34]. Accordingly, the activation of presynaptic serotonin 5-HT1 A receptors in the DRN autoinhibits the serotonergic firing rate which, in turn, can also be regulated through the glutamatergic projections descending from the PFC [8]. In agreement with this, a previous study on SEP-856 reported that the compound given at the dose of 1 mg/kg could partially suppress firing of the DRN and that this inhibition seemed to still be present 1 h after drug administration [7]. On the contrary, higher doses of SEP-856 (2 and 5 mg/kg) showed an almost complete abolishment of firing rates that were restored to baseline levels 30 min after administration [7]. This evidence might suggest that the lower doses of SEP-856 induce a lower and prolonged inhibitory activity on serotonergic tone, while the highest doses determine a stronger and more immediate effect. Furthermore, although Dedic and colleagues showed that binding of the compound to serotonin 5-HT1 A receptors is dose dependent [7], the modulatory activity of SEP-856 on IEGs expression was already engaged at the lowest dose (1 mg/kg). Whether that might be due to both receptor components of SEP-856 remains to be further evaluated. Indeed, TAAR1 receptors, interacting with both serotonin 5-HT1 A and dopamine D2 receptors, are considered important modulators of monoamine transmission [11]. In support of this, the application of TAAR1 agonists displays a strong inhibition in the firing rates of serotoninergic and dopaminergic neurons [11].



Additionally, SEP-856 appears to mostly modulate the ventral part of the hippocampus, as compared to its dorsal counterpart. The hippocampus has an important role in the pathophysiology of schizophrenia since dysfunctions of the human anterior hippocampus, equivalent to the ventral hippocampus in rodents, have been well documented [35,36]. The anterior/ventral hippocampal subregion modulates dopaminergic activity in the VTA and may, therefore, contribute to the hyperdopaminergic state associated with positive symptoms of schizophrenia [37]. Moreover, it has been reported that SEP-856 binding to serotonin 5-HT1 A receptors in the dorsal hippocampus is lower compared to other brain regions [7].



We also investigated the striatum, which represents an important hub for dopaminergic innervation [38]. The activation of this brain area measured by IEG expression has been observed with typical and atypical antipsychotics as haloperidol and lurasidone, whereas no modulation of Arc, c-Fos and Zif268/Egr1 has been observed following administration of the selective serotonin 5-HT1 A receptor agonist (+)-8-OH-DPAT [32]. This evidence is in line with our data, since we did not find any significant change of IEGs expression within the striatum after acute SEP-856 administration.



We showed that an acute pretreatment with SEP-856 was able to counteract the changes produced by phencyclidine (PCP), a valuable tool to induce a hypo-functionality of the glutamatergic system relevant for schizophrenia [39]. Although we used male animals in the first explorative study, we decided to use female rats for the locomotor activity evaluation. Indeed, rats display sex-dependent effects in behavioural responses to psychostimulants, with females being more sensitive to an acute stimulation of amphetamine or phencyclidine [13,14]. As expected, acute PCP produced a significant locomotor hyperactivity that was prevented by the acute pretreatment with SEP-856 at all doses tested. This finding supports the effectiveness of SEP-856 in alleviating the positive manifestations of schizophrenia, and perhaps other effects induced by a hypo-glutamatergic pathology, as already suggested by Dedic and colleagues, who reported a dose-dependent effect of SEP-856 in counteracting the increase of locomotor activity following PCP administration in male mice [7].



Along with this abnormal behaviour, we found molecular perturbation induced by PCP in the PFC. Indeed, the acute administration of the psychostimulant produced an overall increase of IEGs expression, as already reported [40], suggesting a general activation of this brain region. In this regard, the acute pretreatment with SEP-856, at all doses, effectively prevented the upregulation of Arc mRNA levels following acute PCP treatment. Furthermore, similar to what we observed after SEP-856 administration, PCP-induced Arc overexpression within the PFC was inhibited by pretreatment with clozapine, olanzapine and risperidone [41]. Considering that Arc is a downstream effector of the glutamatergic system [42], this result suggests that SEP-856 may promptly act on this pathway, normalizing the alterations of downstream mechanisms in response to an NMDA blockade. Strengthening these observations, we found a significant positive correlation between the total locomotor activity and Arc mRNA levels. Indeed, the hyperactivity induced by PCP was correlated with an increased expression of Arc, suggesting that the strong activation of cortical regions may reflect the behavioural response to PCP. Moreover, PCP induced a similar activation of c-Fos, as previously reported [43,44], although only the highest dose of SEP-856 was able to counteract this effect, suggesting that significant dose differences may exist in the ability of SEP-856 to modulate this pathway under a pathological condition. Taken together, our data suggest that, in a condition of glutamatergic perturbation [17], SEP-856 administration may prevent behavioural alterations by modulating prefrontal cortex functionality. Strengthening these findings and supporting the specific involvement of cortical excitation in preventing the observed alterations, neither the hippocampus nor the striatum showed a similar pattern of changes (data not shown).



Interestingly acute pretreatment with SEP-856, at all tested doses, was not able to prevent the robust increase in locomotor activity observed in rats treated with amphetamine (AMPH) to mimic the hyperdopaminergia found in schizophrenia [13,45]. The lack of effect of SEP-856 in this paradigm may be due to its low affinity for dopaminergic D2 receptors [7], which is not sufficient to counteract the strong behavioural activation following AMPH injection [16]. While Dedic and collaborators extensively studied the functional efficacy of the compound after acute PCP administration [7], this is the first work that investigates the antipsychotic-like profile of SEP-856 under AMPH-driven hyperdopaminergic conditions.



Although SEP-856 did not prevent the strong hyperactivity induced by AMPH, we questioned whether IEGs may be differentially modulated by the compound under an altered dopaminergic condition. Similar to our findings following PCP administration, AMPH strongly increased Arc mRNA expression. This result is in agreement with previous studies showing an enhancement of this IEG expression in cortical regions following AMPH administration [46,47]. Interestingly, the acute pretreatment with the highest dose of SEP-856 (10 mg/kg) was able to prevent the robust AMPH-induced effects on Arc mRNA levels. While Arc may represent a common downstream marker for the activation of PFC in response to systemic administration of PCP and AMPH, the pathways that may drive such effects show differential sensitivity to SEP-856, which is active at all doses in a hypoglutamatergic condition, as compared to the selective effect of the highest dose in a hyperdopaminergic situation.



Although these data seem be in contrast with what observed in the explorative study, it is feasible that SEP-856 pretreatment is able to activate the PFC at basal conditions, which then promptly responds to the stimulant challenges by counteracting the detrimental effects. However, it should be mentioned that different strains and sex were used, not allowing a direct and precise comparison between the observed effects.



Last, the highest dose of SEP-856 fully improved the cognitive deficits induced by subchronic treatment with PCP observed in the NOR test, providing predictive validity for improving some aspects of the cognitive dysfunction that represent a key domain of schizophrenia, and unmet clinical need, such as visual learning and memory. We chose a very short retention interval since we aimed to evaluate short-term memory, which is a PFC-dependent task [48]. The effect of acute SEP-856 on subchronic PCP-induced cognitive deficit was comparable to effects shown by atypical antipsychotics, such as clozapine, risperidone and lurasidone [25,49], whereas classical drugs, such as haloperidol, appear to be ineffective [25].



Altogether, these studies were aimed at extending the knowledge on SEP-856 mechanisms of action, providing evidence on its molecular profile within the brain under basal conditions as well as in a pathological situation. However, it should be mentioned that the design of our experiments allowed us to report only a single time point of IEGs induction by drug treatment. Further studies should investigate the effects of a chronic administration of the compound and particularly in animal models that reproduce specific etiological mechanisms of schizophrenia [50]. Interestingly, it has been recently demonstrated that chronic treatment with the selective TAAR1 partial agonist RO5263397 ameliorated chronic stress-induced changes in cognitive function [51], suggesting that this receptor mechanism in SEP-856 may produce long-term changes aimed at correcting the dysfunction of key psychopathologic domains. Moreover, although both male and female animals were employed, we could not evaluate sexual dimorphism in SEP-856 actions, due to the different strains and timing needed to achieve the various goals of the study.



Nevertheless, we believe that our approach still provides useful information regarding the acute effects of SEP-856, as well as its anatomical specificity. The preferential action of SEP-856 on cortical regions could contribute to the clinical effects reported in phase II clinical trials with schizophrenic patients. Indeed, the PFC is mainly involved in executive functions and working memory, which are altered in schizophrenia. Furthermore, it is enriched in neurons expressing serotonin 5-HT1 A receptors, which may support the primary action of SEP-856 in this brain area. Lastly, while we did not compare the effects of SEP-856 to those of compounds that are selective for TAAR1 or 5-HT1 A, the aim of our study was to specifically evaluate SEP-856 as a whole under conditions that may be encountered in the clinical setting.




4. Materials and Methods


4.1. Animals


4.1.1. Acute SEP-363856 Administration


This experiment was performed at the University of Milan. Adult male Sprague Dawley rats (310–370 g) (n = 40, 10 animals per group; Charles River Laboratories, Italy) were housed in groups of three in plastic cages containing paper and sawdust (45 cm × 28 cm × 20 cm), under standard laboratory conditions (standard rat chow and water available ad libitum) on a 12-h light/dark cycle (lights on at 07:00) in constant temperature (22 ± 2 °C) and humidity (50 ± 5%) conditions.



All animal experiments were conducted according to the authorization from the Health Ministry n. 1252/2015-PR, in full accordance with the Italian legislation on animal experimentation (Decreto Legislativo 26/2014) and adherent to EU recommendation (Directive 2010/63/EU). All efforts were made to minimize animal suffering and to reduce the total number of animals used, while maintaining statistically valid group numbers.



No pre-established inclusion/exclusion criteria were used for the subsequent molecular analyses. All samples were processed and analysed by investigators blind to the treatment condition. All procedures were conducted in the morning (at 11:00 a.m. ± 2).




4.1.2. Phenciclidine and D-Amphetamine Injections


These studies were performed by b-neuro at the University of Manchester. Female Lister Hooded (LH) rats (190–220 g) (n = 50 per experiment, 10 animals per group; Charles River Laboratories, UK), were housed in groups of five in individually ventilated, two-tiered plastic cages (38 cm × 59 cm × 24 cm, GR1800 Double-Decker Cage, Tecniplast, UK). These cages contained paper sizzle nest, sawdust, and cardboard tunnels (Datesand group, UK). The rats had access to water and standard rat chow (Special Diet Services) ad libitum within the home cage. The environment was kept constant at 20 ± 2 °C, 55 ± 5% humidity, under a 12:12 h light/dark cycle (lights on at 07:00).



All procedures used in these experiments were conducted in accordance with the Animals Scientific Procedures Act (London, UK, 1986) and were approved by the University of Manchester AWERB (Animal Welfare and Ethical Review Body).



No pre-established inclusion/exclusion criteria were used for the subsequent molecular analyses. All samples were processed and analysed by investigators blind to the housing conditions. All procedures were conducted in the morning (at 11:00 a.m. ± 2).





4.2. Pharmacological Treatment


4.2.1. Acute SEP-363856 Administration


After two weeks of adaptation to laboratory conditions, animals received an oral administration of SEP-363856 (SEP-856; 1, 3 or 10 mg/kg) or vehicle (50 mm acetate buffer at pH 5.4). These doses were chosen based on a previous characterization of the compound. Indeed, within these dose ranges, the compound showed antipsychotic activity [7]. SEP-856 was kindly provided by Sunovion Pharmaceuticals. Sunovion discovered SEP-363856 in collaboration with PsychoGenics based in part on a mechanism-independent approach using the in vivo phenotypic SmartCube® platform and associated artificial intelligence algorithms. SEP-856 was prepared by suspending the drug in 50 mM acetate buffer at pH 5.4. The chemical structure of SEP-856 is reported in [7]. Vehicle and drug were administered via oral gavage in the amount of 1 mL/kg body weight. Sixty minutes after drug administration, all the animals were sacrificed by decapitation and the brain regions of interest (hippocampus -dorsal and ventral- prefrontal cortex and striatum) were immediately dissected, frozen on dry ice and stored at −80 °C for the molecular analyses. The 60 min time period was chosen based on previous studies, and since immediate-early genes are rapidly induced [7,52].




4.2.2. Acute Phencyclidine and D-Amphetamine Treatments


After two weeks of adaptation to laboratory conditions, animals received an oral administration of SEP-856 (1, 3 or 10 mg/kg) or vehicle (50 mM acetate buffer at pH 5.4). Following the 60 min pretreatment time, rats received a second injection of vehicle (0.9% saline), phencyclidine (PCP, 2.0 mg/kg, i.p., Sigma, Welwyn Garden City, UK, LOT126 M4075 V) or d-amphetamine (AMPH, 0.1 mg/kg, i.p. Sigma, Gillingham, Dorset, UK). Ninety minutes after the second injections, following locomotor activity assessment, animals were sacrificed by decapitation (Figure 8A). The brains were removed and the prefrontal cortex was collected. All samples were then rapidly frozen on dry ice and stored at −80 °C for the molecular analyses.




4.2.3. Subchronic Phencyclidine Treatment


After two weeks of adaptation to laboratory conditions, animals were treated with PCP (2.0 mg/kg, i.p., Sigma, Gillingham, Dorset, UK, LOT 126M4075 V) or vehicle (0.9% saline) twice daily for seven days. Following a seven-day drug-free period, rats received an oral administration of SEP-856 (1 or 10 mg/kg) or vehicle (50 mM acetate buffer at pH 5.4). Sixty minutes later, animals performed the novel object recognition (NOR) test (Figure 8B). We decided to test only two doses of SEP-856 in order to evaluate the effects of the two extreme dosages, as well as to comply with the 3Rs principle by reducing the number of animals used.



The doses of PCP (2.0 mg/kg) and AMPH (0.1 mg/kg) used in these studies were based on previous in-house studies in subchronic PCP-treated female Lister Hooded rats. Results demonstrated an enhanced sensitivity to the locomotor stimulant effects of a subsequent acute challenge with PCP [53] or AMPH (Munni, unpublished findings).





4.3. Behavioural Testing


4.3.1. Locomotor Activity Evaluation


A photo beam activity system (PAS version 2.0) from San Diego Instruments (SDI) was used to record locomotor activity in acute PCP and AMPH experiments. The system works by recording beam interruptions across the x & y axis (4 × 8 beams) of the lower frame (4 cm from floor) and across the y axis (eight beams) on the top frame (20 cm from floor). Central and peripheral activity was recorded separately. The automated recording eliminates the subjective influence of experimenters in the study and also gives the experimenter the ability to measure locomotor activity to a high level of detail. The testing box is rectangular and made of clear Plexiglas (H: 21 cm, W: 30 cm, L: 52 cm).



Habituation Phase


Rats were allowed to habituate to the test box and the behavioural test room for 1 h per day for three days prior to testing. Each test box was covered with a layer of bedding material. On the day of testing, rats were further habituated to the test room for 30 min.




Behavioural Testing


Following the 30 min habituation period to the test room, rats were treated with vehicle or SEP-856 (1, 3 & 10 mg/kg, p.o.) and immediately placed into the same test box they were in during habituation. Following the 60 min pretreatment time, rats received a second injection of vehicle, PCP or AMPH and were returned to the test box for a further 90 min evaluation. Testing was carried out in the light phase.




Locomotor Activity


The automatic PAS system recorded beam breaks every five minutes for a total period of 150 min, and the central and peripheral count was recorded.



The protocol used was based on previous locomotor studies in our laboratory [53] with minor modifications.





4.3.2. Novel Object Recognition Test


Recognition memory was evaluated in the subchronic PCP (scPCP) experiment using the novel object recognition (NOR) test [25]. The apparatus consisted of an open black Plexiglas box (L: 52 cm, W: 52 cm, H: 31 cm), positioned 27 cm above the floor.



Habituation Phase


Rats were habituated to the empty test box and the behavioural test room environment for 1 h in their cage groups. The day after, prior to behavioural testing, rats were given a further 3 min habituation.




Behavioural Testing


The test consisted in two 3 min-trials separated by 1 min of inter-trial interval in the home cage. During the first trial, rats were individually placed into the same test box they were in during habituation, allowed to explore two identical objects for 3 min. During the 1-min intertrial interval that the animals spent in their home cage, the two identical objects were replaced with a familiar object, corresponding to the objects used during the previous trial, and a novel object different in colour, shape and material. The familiar object used was a duplicate of the object presented during the first trial to avoid any olfactory bias.



During the second trial, rats were allowed to explore the familiar and novel objects in a 3 min retention trial.



Both the trials were recorded on video for the subsequent blind scoring. The object exploration was defined by animal licking, sniffing or touching the objects with the forepaws.



The exploration time of each object in each trial was measured and the discrimination index (DI) was calculated as shown below:


  D I =   t i m e   s p e n t   e x p l o r i n g   t h e   n o v e l   o b j e c t − t i m e   e x p l o r i n g   t h e   f a m i l i a r   o b j e c t   t o t a l   t i m e   s p e n t   i n   e x p l o r i n g   t h e   o b j e c t s    



(1)










4.4. RNA Preparation and Quantitative Real-Time PCR Analyses


For gene expression analysis, total RNA was isolated by single step guanidinium isothiocyanate/phenol extraction using PureZol RNA isolation reagent (Bio-Rad Laboratories) according to the manufacturer’s instructions. Following total RNA extraction, an aliquot was treated with DNase (DNase I, RNase-free; ThermoScientific) to avoid DNA contamination, and the samples were subsequently processed for reverse-transcriptase real-time polymerase chain reaction (qRT-PCR), as previously described [54], to assess mRNA levels of: Activity-Regulated Cytoskeleton-Associated Protein (Arc/Agr3.1), Cellular Oncogene C-Fos (c-Fos), Zinc Finger Binding Protein clone 268 (Zif268/Egr1) and Neuronal PAS Domain Protein 4 (Npas4).



In detail, 10 ng of purified RNA were analysed by TaqMan qRT-PCR instrument (CFX384 real-time system, Bio-Rad Laboratories) using the iScript one-step RT-PCR kit for probes (Bio-Rad Laboratories). Thermal cycling was initiated with an incubation at 50 °C for 10 min (RNA retrotranscription), followed by a 5-min period at 95 °C (TaqMan polymerase activation). After this initial step, 39 cycles of PCR were performed. Each PCR cycle consisted of heating the samples for 10 s at 95 °C to enable the melting process and then for 30 s at 60 °C for the annealing and extension reactions.



Primers and probes sequences were purchased from Eurofins Genomics and are summarized in Table 1. Samples were run in triplicate as multiplexed reactions with a normalizing internal control (ß-actin). Relative target gene expression was calculated according to the 2-D(D(Ct)) method. To simplify graphical representations, the obtained data were expressed as percentage versus the control group, which was set at 100%.




4.5. Statistical Analyses


All the analyses were carried out in individual animals (independent determinations). The outliers were determined using IBM SPSS Statistics 23 and accordingly removed from the analyses. Specifically, the molecular effects of an acute administration of SEP-856, as well as behavioural and molecular effects of PCP and AMPH were analysed by one-way analysis of variance (ANOVA). Repeated measures ANOVA was used to evaluate the effects of drug treatment in the comprehensive analysis of locomotor activity over the total 150 min assessment. Student’s t test was used to analyse the time spent exploring the two identical objects in the acquisition trial, as well as the familiar and novel object in the retention trial of the NOR. When appropriate, further differences were analysed by post hoc comparison. In detail, behavioural and molecular data were further analysed by Tukey post hoc comparisons using IBM SPSS Statistics 23. Significance for all tests was assumed for p < 0.05.





5. Conclusions


In summary, we report that SEP-856 may exert a neuromodulatory activity by promoting the expression of plasticity-related genes under basal conditions, with a main effect in the prefrontal cortex. Furthermore, we demonstrate the ability of this novel compound in preventing the abnormal behaviour and in restoring activity-regulated gene expression in a hypoglutamatergic condition. Our study provides new insights into the activity of the novel putative antipsychotic compound SEP-856, suggesting that it could contribute to neuroadaptive changes of relevance for the treatment of schizophrenia. To date, this is the first evidence for the ability of SEP-856 to improve a certain aspect of cognition in schizophrenia.







Author Contributions


Conceptualization, M.A.R. and J.C.N.; formal analysis, A.S., V.B., A.L., F.S., B.G. and S.M.; investigation, A.S., V.B., A.L., F.S., B.G. and S.M.; writing—original draft preparation, A.S. and V.B.; writing—review and editing, M.A.R., B.G. and J.C.N.; supervision, M.A.R. and J.C.N.; funding acquisition, M.A.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by a grant to Marco A. Riva from Sunovion, which had no role in study design, data collection and analysis or in manuscript writing.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Health Ministry n. 1252/2015-PR (27/11/2015), in full accordance with the Italian legislation on animal experimentation (Decreto Legislativo 26/2014) and adherent to EU recommendation (Directive 2010/63/EU), and by the University of Manchester AWERB (Animal Welfare and Ethical Review Body), in accordance with the Animals Scientific Procedures Act (UK, 1986).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We thank Linda Longo and Silvia Zampar for contributing to part of the work. We are grateful to Sunovion for the kind gift of SEP-363856. Sunovion discovered SEP-363856 in collaboration with PsychoGenics based, in part, on a mechanism-independent approach using the in vivo phenotypic SmartCube® platform and associated artificial intelligence algorithms.




Conflicts of Interest


The authors Veronica Begni, Alice Sanson, Alessia Luoni, Federica Sensini, Ben Grayson and Syeda Munni have no financial interest or potential conflict of interest. Marco A. Riva has received compensation as speaker/consultant from Angelini, Lundbeck, Recordati, Sumitomo Dainippon Pharma and Sunovion, and has received research grants from Sumitomo Dainippon Pharma and Sunovion. In the last three years Joanna C. Neill has received honoraria for consultancy from Janssen and Lundbeck.




References


	



James, S.L.; Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.; Abbastabar, H.; Abd-Allah, F.; Abdela, J.; Abdelalim, A.; et al. Global, regional, and national incidence, prevalence, and years lived with disability for 354 Diseases and Injuries for 195 countries and territories, 1990–2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet 2018, 392, 1789–1858. [Google Scholar] [CrossRef]

	



Owen, M.J.; Sawa, A.; Mortensen, P.B. Schizophrenia. Lancet 2016, 388, 86–97. [Google Scholar] [CrossRef]

	



Aringhieri, S.; Carli, M.; Kolachalam, S.; Verdesca, V.; Cini, E.; Rossi, M.; McCormick, P.J.; Corsini, G.U.; Maggio, R.; Scarselli, M. Molecular targets of atypical antipsychotics: From mechanism of action to clinical differences. Pharmacol. Ther. 2018, 192, 20–41. [Google Scholar] [CrossRef]

	



Girgis, R.R.; Zoghbi, A.W.; Javitt, D.C.; Lieberman, J.A. The past and future of novel, non-dopamine-2 receptor therapeutics for schizophrenia: A critical and comprehensive review. J. Psychiatr. Res. 2019, 108, 57–83. [Google Scholar] [CrossRef]

	



Lieberman, J.A.; Scott Stroup, T.; McEvoy, J.P.; Swartz, M.S.; Rosenheck, R.A.; Perkins, D.O.; Keefe, R.S.E.; Davis, S.M.; Davis, C.E.; Lebowitz, B.D.; et al. Effectiveness of antipsychotic drugs in patients with chronic schizophrenia. N. Engl. J. Med. 2005, 353, 1209–1223. [Google Scholar] [CrossRef]

	



Koblan, K.S.; Kent, J.; Hopkins, S.C.; Krystal, J.H.; Cheng, H.; Goldman, R.; Loebel, A. A Non–D2-Receptor-Binding Drug for the Treatment of Schizophrenia. N. Engl. J. Med. 2020, 382, 1497–1506. [Google Scholar] [CrossRef]

	



Dedic, N.; Jones, P.G.; Hopkins, S.C.; Lew, R.; Shao, L.; Campbell, J.E.; Spear, K.L.; Large, T.H.; Campbell, U.C.; Hanania, T.; et al. SEP-363856, a novel psychotropic agent with a unique, non-D2 receptor mechanism of action. J. Pharmacol. Exp. Ther. 2019, 371, 1–14. [Google Scholar] [CrossRef]

	



Altieri, S.C.; Garcia-Garcia, A.L.; Leonardo, E.D.; Andrews, A.M. Rethinking 5-HT1A receptors: Emerging modes of inhibitory feedback of relevance to emotion-related behavior. ACS Chem. Neurosci. 2013, 4, 72–83. [Google Scholar] [CrossRef]

	



Lindemann, L.; Meyer, C.A.; Jeanneau, K.; Bradaia, A.; Ozmen, L.; Bluethmann, H.; Bettler, B.; Wettstein, J.G.; Borroni, E.; Moreau, J.L.; et al. Trace amine-associated receptor 1 modulates dopaminergic activity. J. Pharmacol. Exp. Ther. 2008, 324, 948–956. [Google Scholar] [CrossRef]

	



Lindemann, L.; Ebeling, M.; Kratochwil, N.A.; Bunzow, J.R.; Grandy, D.K.; Hoener, M.C. Trace amine-associated receptors form structurally and functionally distinct subfamilies of novel G protein-coupled receptors. Genomics 2005, 85, 372–385. [Google Scholar] [CrossRef]

	



Revel, F.G.; Moreau, J.L.; Gainetdinov, R.R.; Bradaia, A.; Sotnikova, T.D.; Mory, R.; Durkin, S.; Zbinden, K.G.; Norcross, R.; Meyer, C.A.; et al. TAAR1 activation modulates monoaminergic neurotransmission, preventing hyperdopaminergic and hypoglutamatergic activity. Proc. Natl. Acad. Sci. USA 2011, 108, 8485–8490. [Google Scholar] [CrossRef] [PubMed]

	



Kokkinou, M.; Irvine, E.E.; Bonsall, D.R.; Natesan, S.; Wells, L.A.; Smith, M.; Glegola, J.; Paul, E.J.; Tossell, K.; Veronese, M.; et al. Reproducing the dopamine pathophysiology of schizophrenia and approaches to ameliorate it: A translational imaging study with ketamine. Mol. Psychiatry 2020, 1–15. [Google Scholar] [CrossRef]

	



Gogos, A.; Kusljic, S.; Thwaites, S.J.; van den Buuse, M. Sex differences in psychotomimetic-induced behaviours in rats. Behav. Brain Res. 2017, 322, 157–166. [Google Scholar] [CrossRef] [PubMed]

	



Milesi-Hallé, A.; McMillan, D.E.; Laurenzana, E.M.; Byrnes-Blake, K.A.; Owens, S.M. Sex differences in (+)-amphetamine- and (+)-methamphetamine-induced behavioral response in male and female Sprague-Dawley rats. Pharmacol. Biochem. Behav. 2007, 86, 140–149. [Google Scholar] [CrossRef] [PubMed]

	



Jentsch, J.D.; Roth, R.H. The neuropsychopharmacology of phencyclidine: From NMDA receptor hypofunction to the dopamine hypothesis of schizophrenia. Neuropsychopharmacology 1999, 20, 201–225. [Google Scholar] [CrossRef]

	



Heal, D.J.; Smith, S.L.; Gosden, J.; Nutt, D.J. Amphetamine, past and present—A pharmacological and clinical perspective. J. Psychopharmacol. 2013, 27, 479–496. [Google Scholar] [CrossRef]

	



Neill, J.C.; Barnes, S.; Cook, S.; Grayson, B.; Idris, N.F.; McLean, S.L.; Snigdha, S.; Rajagopal, L.; Harte, M.K. Animal models of cognitive dysfunction and negative symptoms of schizophrenia: Focus on NMDA receptor antagonism. Pharmacol. Ther. 2010, 128, 419–432. [Google Scholar] [CrossRef]

	



Cadinu, D.; Grayson, B.; Podda, G.; Harte, M.K.; Doostdar, N.; Neill, J.C. NMDA receptor antagonist rodent models for cognition in schizophrenia and identification of novel drug treatments, an update. Neuropharmacology 2018, 142, 41–62. [Google Scholar] [CrossRef] [PubMed]

	



Bramham, C.R.; Worley, P.F.; Moore, M.J.; Guzowski, J.F. The immediate early gene Arc/Arg3.1: Regulation, mechanisms, and function. J. Neurosci. 2008, 28, 11760–11767. [Google Scholar] [CrossRef] [PubMed]

	



Nikolaienko, O.; Patil, S.; Eriksen, M.S.; Bramham, C.R. Arc protein: A flexible hub for synaptic plasticity and cognition. Semin. Cell Dev. Biol. 2018, 77, 33–42. [Google Scholar] [CrossRef]

	



Mallien, A.S.; Palme, R.; Richetto, J.; Muzzillo, C.; Richter, S.H.; Vogt, M.A.; Inta, D.; Riva, M.A.; Vollmayr, B.; Gass, P. Daily exposure to a touchscreen-paradigm and associated food restriction evokes an increase in adrenocortical and neural activity in mice. Horm. Behav. 2016, 81, 97–105. [Google Scholar] [CrossRef]

	



Knapska, E.; Kaczmarek, L. A gene for neuronal plasticity in the mammalian brain: Zif268/Egr-1/NGFI-A/ Krox-24/TIS8/ZENK? Prog. Neurobiol. 2004, 74, 183–211. [Google Scholar] [CrossRef] [PubMed]

	



Spiegel, I.; Mardinly, A.R.; Gabel, H.W.; Bazinet, J.E.; Couch, C.H.; Tzeng, C.P.; Harmin, D.A.; Greenberg, M.E. Npas4 regulates excitatory-inhibitory balance within neural circuits through cell-type-specific gene programs. Cell 2014, 157, 1216–1229. [Google Scholar] [CrossRef]

	



Bloodgood, B.L.; Sharma, N.; Browne, H.A.; Trepman, A.Z.; Greenberg, M.E. The activity-dependent transcription factor NPAS4 regulates domain-specific inhibition. Nature 2013, 503, 121–125. [Google Scholar] [CrossRef] [PubMed]

	



Grayson, B.; Idris, N.F.; Neill, J.C. Atypical antipsychotics attenuate a sub-chronic PCP-induced cognitive deficit in the novel object recognition task in the rat. Behav. Brain Res. 2007, 184, 31–38. [Google Scholar] [CrossRef]

	



de Bartolomeis, A.; Buonaguro, E.F.; Latte, G.; Rossi, R.; Marmo, F.; Iasevoli, F.; Tomasetti, C. Immediate-Early Genes Modulation by Antipsychotics: Translational Implications for a Putative Gateway to Drug-Induced Long-Term Brain Changes. Front. Behav. Neurosci. 2017, 11. [Google Scholar] [CrossRef]

	



Kovács, K.J.; Csejtei, M.; Laszlovszky, I. Double activity imaging reveals distinct cellular targets of haloperidol, clozapine and dopamine D3 receptor selective RGH-1756. Neuropharmacology 2001, 40, 383–393. [Google Scholar] [CrossRef]

	



Marchisella, F.; Paladini, M.S.; Guidi, A.; Begni, V.; Brivio, P.; Spero, V.; Calabrese, F.; Molteni, R.; Riva, M.A. Chronic treatment with the antipsychotic drug blonanserin modulates the responsiveness to acute stress with anatomical selectivity. Psychopharmacology 2020, 237, 1783–1793. [Google Scholar] [CrossRef]

	



Luoni, A.; Fumagalli, F.; Racagni, G.; Riva, M.A. Repeated aripiprazole treatment regulates Bdnf, Arc and Npas4 expression under basal condition as well as after an acute swim stress in the rat brain. Pharmacol. Res. 2014, 80, 1–8. [Google Scholar] [CrossRef]

	



Luoni, A.; Rocha, F.F.; Riva, M.A. Anatomical specificity in the modulation of activity-regulated genes after acute or chronic lurasidone treatment. Prog. Neuropsychopharmacol. Biol. Psychiatry 2014, 50, 94–101. [Google Scholar] [CrossRef]

	



Horacek, J.; Bubenikova-Valesova, V.; Kopecek, M.; Palenicek, T.; Dockery, C.; Mohr, P.; Höschl, C. Mechanism of action of atypical antipsychotic drugs and the neurobiology of schizophrenia. CNS Drugs 2006, 20, 389–409. [Google Scholar] [CrossRef] [PubMed]

	



Bruins Slot, L.A.; Lestienne, F.; Grevoz-Barret, C.; Newman-Tancredi, A.; Cussac, D. F15063, a potential antipsychotic with dopamine D2/D3 receptor antagonist and 5-HT1A receptor agonist properties: Influence on immediate-early gene expression in rat prefrontal cortex and striatum. Eur. J. Pharmacol. 2009, 620, 27–35. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.F.; Seaman, R.; Siemian, J.N.; Bhimani, R.; Johnson, B.; Zhang, Y.; Zhu, Q.; Hoener, M.C.; Park, J.; Dietz, D.M.; et al. Role of trace amine-associated receptor 1 in nicotine’s behavioral and neurochemical effects. Neuropsychopharmacology 2018, 43, 2435–2444. [Google Scholar] [CrossRef]

	



Lanfumey, L.; Hamon, M. Central 5-HT(1A) receptors: Regional distribution and functional characteristics. Nucl. Med. Biol. 2000, 27, 429–435. [Google Scholar] [CrossRef]

	



Heckers, S.; Konradi, C. Hippocampal pathology in schizophrenia. Curr. Top. Behav. Neurosci. 2010, 4, 529–553. [Google Scholar] [CrossRef] [PubMed]

	



Matosin, N.; Fernandez-Enright, F.; Lum, J.S.; Engel, M.; Andrews, J.L.; Gassen, N.C.; Wagner, K.V.; Schmidt, M.V.; Newell, K.A. Molecular evidence of synaptic pathology in the CA1 region in schizophrenia. NPJ Schizophr. 2016, 2, 16022. [Google Scholar] [CrossRef] [PubMed]

	



Perez, S.M.; Lodge, D.J. New approaches to the management of schizophrenia: Focus on aberrant hippocampal drive of dopamine pathways. Drug Des. Devel. Ther. 2014, 8, 887–896. [Google Scholar] [CrossRef]

	



McCutcheon, R.A.; Abi-Dargham, A.; Howes, O.D. Schizophrenia, Dopamine and the Striatum: From Biology to Symptoms. Trends Neurosci. 2019, 42, 205–220. [Google Scholar] [CrossRef]

	



Javitt, D.C. Glutamate and Schizophrenia: Phencyclidine, N-Methyl-d-Aspartate Receptors, and Dopamine-Glutamate Interactions. Int. Rev. Neurobiol. 2007, 78, 69–108. [Google Scholar] [CrossRef]

	



Kalinichev, M.; Robbins, M.J.; Hartfield, E.M.; Maycox, P.R.; Moore, S.H.; Savage, K.M.; Austin, N.E.; Jones, D.N.C. Comparison between intraperitoneal and subcutaneous phencyclidine administration in Sprague-Dawley rats: A locomotor activity and gene induction study. Prog. NeuroPsychopharmacol. Biol. Psychiatry 2008, 32, 414–422. [Google Scholar] [CrossRef]

	



Nakahara, T.; Kuroki, T.; Hashimoto, K.; Hondo, H.; Tsutsumi, T.; Motomura, K.; Ueki, H.; Hirano, M.; Uchimura, H. Effect of atypical antipsychotics on phencyclidine-induced expression of arc in rat brain. Neuroreport 2000, 11, 551–555. [Google Scholar] [CrossRef]

	



Managò, F.; Papaleo, F. Schizophrenia: What’s arc got to do with it? Front. Behav. Neurosci. 2017, 11, 181. [Google Scholar] [CrossRef]

	



Gao, X.M.; Hashimoto, T.; Tamminga, C.A. Phencyclidine (PCP) and dizocilpine (MK801) exert time-dependent effects on the expression of immediate early genes in rat brain. Synapse 1998, 29, 14–28. [Google Scholar] [CrossRef]

	



Hervig, M.E.; Thomsen, M.S.; Kalló, I.; Mikkelsen, J.D. Acute phencyclidine administration induces c-Fos-immunoreactivity in interneurons in cortical and subcortical regions. Neuroscience 2016, 334, 13–25. [Google Scholar] [CrossRef]

	



Howes, O.D.; Kapur, S. The dopamine hypothesis of schizophrenia: Version III—The final common pathway. Schizophr. Bull. 2009, 35, 549–562. [Google Scholar] [CrossRef] [PubMed]

	



Klebaur, J.E.; Ostrander, M.M.; Norton, C.S.; Watson, S.J.; Akil, H.; Robinson, T.E. The ability of amphetamine to evoke arc (Arg 3.1) mRNA expression in the caudate, nucleus accumbens and neocortex is modulated by environmental context. Brain Res. 2002, 930, 30–36. [Google Scholar] [CrossRef]

	



Uslaner, J.; Badiani, A.; Day, H.E.W.; Watson, S.J.; Akil, H.; Robinson, T.E. Environmental context modulates the ability of cocaine and amphetamine to induce c-fos mRNA expression in the neocortex, caudate nucleus, and nucleus accumbens. Brain Res. 2001, 920, 106–116. [Google Scholar] [CrossRef]

	



Warden, M.R.; Miller, E.K. Task-dependent changes in short-term memory in the prefrontal cortex. J. Neurosci. 2010, 30, 15801–15810. [Google Scholar] [CrossRef]

	



Huang, M.; Kwon, S.; Rajagopal, L.; He, W.; Meltzer, H.Y. 5-HT1A parital agonism and 5-HT7 antagonism restore episodic memory in subchronic phencyclidine-treated mice: Role of brain glutamate, dopamine, acetylcholine and GABA. Psychopharmacology 2018, 235, 2795–2808. [Google Scholar] [CrossRef] [PubMed]

	



Sanson, A.; Riva, M.A. Anti-stress properties of atypical antipsychotics. Pharmaceuticals 2020, 13, 322. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Li, J.-T.; Wang, H.; Niu, W.-P.; Zhang, C.-C.; Zhang, Y.; Wang, X.-D.; Si, T.-M.; Su, Y.-A. Role of trace amine-associated receptor 1 in the medial prefrontal cortex in chronic social stress-induced cognitive deficits in mice. Pharmacol. Res. 2021, 167, 105571. [Google Scholar] [CrossRef]

	



Bahrami, S.; Drabløs, F. Gene regulation in the immediate-early response process. Adv. Biol. Regul. 2016, 62, 37–49. [Google Scholar] [CrossRef] [PubMed]

	



McLean, S.; Woolley, M.; Neill, J.C. Effects of subchronic phencyclidine on behaviour of female rats on the elevated plus maze and open field. J. Psychopharmacol. 2010, 24, 787–790. [Google Scholar] [CrossRef] [PubMed]

	



Luoni, A.; Macchi, F.; Papp, M.; Molteni, R.; Riva, M.A. Lurasidone exerts antidepressant properties in the chronic mild stress model through the regulation of synaptic and neuroplastic mechanisms in the rat prefrontal cortex. Int. J. Neuropsychopharmacol. 2015, 18, 1–12. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 04119 g001 550] 





Figure 1. Modulation of IEGs expression following acute SEP-856 administration. The mRNA levels of Arc (A), c-Fos (B), Zif268/Egr1 (C) and Npas4 (D) were measured in different brain regions of rats treated with vehicle or SEP-856 (1, 3 or 10 mg/kg). The data, expressed as percentage of vehicle-treated rats set at 100%, are represented as box-and-whisker plots of at least four independent determinations. For each box, the box boundaries indicate the first and third quartiles, the middle line specifies the median and the whiskers represent the lowest and highest values. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle-treated rats (one-way ANOVA followed by Tukey post-hoc comparison). 
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Figure 2. Analysis of total locomotor activity. Total locomotor activity counts over 150 min (A). The first 60 min show locomotor activity after treatment with SEP-856 (1, 3 & 10 mg/kg, p.o.) or vehicle. At 60 min rats received acute injection of PCP (2 mg/kg, i.p.) or vehicle, as indicated by the arrow, and locomotor activity was measured for further 90 min. The total activity was measured over the first 60 min (B) pretreatment with different doses of SEP-856 (1, 3, 10 mg/kg) and over the 90 min period (C) following PCP administration. Data are represented as box-and-whisker plots (B and C) of at least nine independent determinations. For each box, the box boundaries indicate the first and third quartiles, the middle line specifies the median and the whiskers represent the lowest and highest values. * p < 0.05, ** p < 0.01 vs. vehicle-treated rats; # p < 0.05, ## p < 0.01 vs. PCP-treated rats (one-way ANOVA followed by Tukey post-hoc comparison). 
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Figure 3. Modulatory activity of acute SEP-856 treatment on IEG changes after acute PCP administration. The mRNA levels of Arc (A), c-Fos (B), Zif268/Egr1 (C) and Npas4 (D) were measured in the prefrontal cortex of rats pretreated with vehicle or SEP-856 (1, 3 or 10 mg/kg) following the acute injection of PCP (2 mg/kg). The data, expressed as percentage of vehicle-treated rats set at 100%, are represented as box-and-whisker plots of at least six independent determinations. For each box, the box boundaries indicate the first and third quartiles, the middle line specifies the median and the whiskers represent the lowest and highest values. * p < 0.05 vs. vehicle-treated rats; # p < 0.05 vs. PCP-treated rats (one-way ANOVA followed by Tukey post-hoc comparison). 
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Figure 4. Pearson product–moment correlation (r) between the total counts measured in the second part of the test (65–150 min) and gene expression of Arc (A), c-Fos (B), Zif268/Egr1 (C) and Npas4 (D) following PCP injection. The statistical significance was assumed with p < 0.05. 
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Figure 5. Analysis of total locomotor activity. Total locomotor activity counts over 150 min (A). The first 60 min show locomotor activity after treatment with SEP-856 (1, 3 & 10 mg/kg, p.o.) or vehicle. At 60 min rats received acute injection of AMPH (0.1 mg/kg, i.p.) or vehicle, as indicated by the arrow, and locomotor activity was measured for further 90 min. The total activity was measured over the first 60 min (B) pretreatment with different doses of SEP-856 (1, 3, 10 mg/kg) and over the 90 min period (C) following AMPH administration. Data are represented as box-and-whisker plots of at least nine independent determinations (B and C). For each box, the box boundaries indicate the first and third quartiles, the middle line specifies the median and the whiskers represent the lowest and highest values. * p < 0.05, ** p < 0.01 vs. vehicle-treated rats (one-way ANOVA followed by Tukey post hoc comparison). 
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Figure 6. Modulatory activity of acute SEP-856 treatment on IEG changes after AMPH administration. The mRNA levels of Arc (A), c-Fos (B), Zif268/Egr1 (C) and Npas4 (D) were measured in the prefrontal cortex of rats pretreated with vehicle or SEP-856 (1, 3 or 10 mg/kg) following the acute injection of AMPH (0.1 mg/kg). The data, expressed as percentage of vehicle-treated rats set at 100%, are represented as box-and-whisker plots of at least seven independent determinations. For each box, the box boundaries indicate the first and third quartiles, the middle line specifies the median and the whiskers represent the lowest and highest values. ## p < 0.01 vs. AMPH-treated rats (one-way ANOVA followed by Tukey post hoc comparison). 
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Figure 7. Effects of acute SEP-856 administration on cognitive impairment following the scPCP regimen. Time spent exploring the two identical objects in the acquisition trial (A). Time spent exploring the familiar and the novel object in the retention trial (B). ** p < 0.01, *** p < 0.001 significant differences in the time spent exploring the novel object as compared to the familiar one. Data are expressed as mean ± SEM of at least six independent determinations. NOR performance is expressed as discrimination index (C), representing the difference between time spent exploring novel and familiar objects during the testing phase. The data, expressed as percentage of vehicle-treated rats set at 100%, are represented as box-and-whisker plots of at least seven independent determinations. For each box, the box boundaries indicate the first and third quartiles, the middle line specifies the median and the whiskers represent the lowest and highest values. ** p < 0.01, *** p < 0.001 vs. vehicle-treated rats; ## p < 0.01 vs. scPCP-treated rats (one-way ANOVA followed by Tukey post hoc comparison). 
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Figure 8. Schematic representation of the experimental paradigms. Acute Phencyclidine and D-Amphetamine Treatments (A). Animals received an oral administration of SEP-856 or vehicle. Following the 60 min pretreatment time, rats received a second injection of vehicle, phencyclidine (PCP) or d-amphetamine (AMPH). Ninety minuites after the second injections, following locomotor activity assessment, animals were sacrificed by decapitation (A). Subchronic Phencyclidine Treatment (B). Animals were treated with phencyclidine (PCP) or vehicle twice daily for seven days. Following a seven-day drug-free period, rats received an oral administration of SEP-856 or vehicle. Sixty minutes later, animals performed the novel object recognition (NOR) test (B). 
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Table 1. Sequences of Forward and Reverse primers and probes used in qRT-PCR analyses.
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	Gene
	Forward Primer
	Reverse Primer
	Probe





	Arc/Agr3.1
	GGTGGGTGGCTCTGAAGAAT
	ACTCCACCCAGTTCTTCACC
	GATCCAGAACCACATGAATGGG



	C-Fos
	TCCTTACGGACTCCCCAC
	CTCCGTTTCTCTTCCTCTTCAG
	TGCTCTACTTTGCCCCTTCTGCC



	Zif268/Egr1
	GAGCGAACAACCCTACGAG
	GTATAGGTGATGGGAGGCAAC
	TCTGAATAACGAGAAGGCGCTGGTG



	Npas4
	TCATTGACCCTGCTGACCAT
	AAGCACCAGTTTGTTGCCTG
	TGATCGCCTTTTCCGTTGTC



	ß-Actin
	CACTTTCTACAATGAGCTGCG
	CTGGATGGCTACGTACATGG
	TCTGGGTCATCTTTTCACGGTTGGC
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