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Reelin is an extracellular matrix glycoprotein reduced in brain regions (the prefrontal cortex and the hippocampus) of patients with schizophrenia. There are diverse rodent models of schizophrenia that mimic patient symptoms based on various causal theories; however, likely shared reelin alterations have not yet been systematically assessed in those models. A systematic review of the literature was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) model. Articles focused on psychotic disorders or schizophrenia and their relationship with reelin in rodent models were selected. Data (first author, publication year, results, both open field and prepulse inhibition test results, and type of reelin alteration) were extracted in duplicate by two independent reviewers. The 37 reviewed articles reported about various schizophrenia models and their reelin alterations, brain morphology, and behavioral defects. We conclude that reelin is an altered preclinical biomarker common to all models included, mainly prenatal or genetic models, and a key protein in schizophrenia disease, making the reelin signaling pathway in prenatal stages a target of special interest for future preclinical and clinical studies. All models presented at least one of the four described reelin alteration types.

Systematic Review Registration: [https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021210568], identifier [CRD42021210568].
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HIGHLIGHTS


-RELN alterations seem to be a common biomarker contributing to the face validity of schizophrenia rodent models.

-RELN signaling pathway in prenatal stages turns to be crucial for preclinical and clinical studies in schizophrenia.

-The variability found in behavioral tests, highlights the need to establish behavioral protocols to compare consistent results.

-Most of reelin alterations were described in the prefrontal cortex and hippocampus, both regions highly involved in schizophrenia disease.

-Sexual dimorphism of schizophrenia is a relevant aspect and future studies should include female and male rodents.





INTRODUCTION

Reelin (RELN) is an extracellular matrix glycoprotein that is essential for neuronal migration and laminar positioning during brain development that regulates dendritic growth and spine formation, synaptogenesis and synaptic plasticity (Teixeira et al., 2011; Wasser and Herz, 2017; Yamakage et al., 2019; Jossin, 2020), and adult neurogenesis (Bosch et al., 2016). RELN is mainly produced in Cajal-Retzius neurons during development and in interneurons in the cerebral cortex and the hippocampus during postnatal stages (Negrón-Oyarzo et al., 2016; Wasser and Herz, 2017; Yamakage et al., 2019; Jossin, 2020; Tsuneura et al., 2021). RELN is a ∼400-kD protein coded by a 450 kbp gene located in human chromosome 7q22 and murine chromosome 5 that binds to Apolipoprotein E receptor 2 (ApoER2) and very-low-density lipoprotein receptor (VLDLR) (Bosch et al., 2016; Wasser and Herz, 2017), inducing phosphorylation of disabled homolog-1 (Dab1), which modulates a downstream cascade (Sakai et al., 2016; Tsuneura et al., 2021). RELN proteolytic cleavage is mediated by a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) metalloprotease (Yamakage et al., 2019). It has been identified in a spontaneous autosomal recessive mutant mouse strain reeler [heterozygote reeler mouse (HRM)] (Falconer, 1951).

In human, the alteration of the normal development of these RELN-regulated brain processes and functions has been associated with neurodevelopmental disorders such as autism, intellectual disability, and schizophrenia (SCZ) (Jossin, 2020). Many of the candidate genes in SCZ are involved in neurodevelopment and neuroplasticity processes and thus are crucial during brain development, supporting the notion that SCZ is a neurodevelopmental disorder (Howell and Pillai, 2016; Cleynen et al., 2020; Hannon et al., 2021). It has been described as an important link between prenatal stress and cellular and physiological alterations observed in SCZ (Negrón-Oyarzo et al., 2016). Previous studies have strongly shown RELN genetic anomalies and signaling impairments associated with SCZ (Impagnatiello et al., 1998; Fatemi et al., 2005; Imai et al., 2017; Arioka et al., 2018; Marzan et al., 2021). In addition, postmortem studies have also revealed that the expression of RELN is reduced at cortical and subcortical regions of patients with SCZ (Guidotti et al., 2000; Eastwood and Harrison, 2006; Nullmeier et al., 2011; Howell and Pillai, 2016). All this evidence seems to point to the relationship between alterations in RELN and the risk of SCZ (Folsom and Fatemi, 2013).

Schizophrenia rodent models are clearly very valuable preclinical tools to investigate the neurobiological basis of the disorder and provide an excellent way to infer the underlying mechanisms of SCZ in human (Radonjić et al., 2013; Steeds et al., 2015; Winship et al., 2019; Ang et al., 2021). Due to the diversity of available SCZ rodent models (over 20 types have been described), fitting into different induction categories (developmental, drug-induced, lesion, or genetic manipulation), the study of shared biological alterations that are present in many of these models can be of great value to describe pathophysiologic mechanisms or preclinical biomarkers of the disease.

We aimed to systematically review the literature on RELN anomalies that have been described in a diversity of SCZ rodent models. If RELN impairments are repeatedly observed, we may propose that these might be considered as a preclinical biomarker of the illness. We also focused on the aspects of brain morphology and behavioral effects in all models, ranging from pharmacological to stress and genetics (Figure 1).
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FIGURE 1. Graphical abstract of this review. Patients with schizophrenia (SCZ) have low RELN levels in the brain, with behavioral defects and brain anomalies. These phenotypes can be mimicked in pharmacological, maternal immune activation, stress, and genetic rodent models. These models include four types of RELN alterations, behavioral phenotypes [in the open field and prepulse inhibition (PPI) tests] and brain anomalies in the prefrontal cortex (PFC) and the hippocampus (HP) (regions). PCP, Phencyclidine; MAM, methylazoxymethanol; Poly(I:C), polyinosinic:polycytidylic acid; LPS, lipopolysaccharide; PRS, prenatal restraint stress; HRM, heterozygous reeler mouse; OE, overexpression. Created with Biorender.com.




METHOD

A systematic review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement (Moher et al., 2009) and a protocol was registered in PROSPERO (CRD42021210568).


Search Strategy

A systematic review of the literature was carried out following the PRISMA model. The terms used for the search were: “psychotic disorder” or “schizophreni*” and “reelin” and “brain” or “cerebr*” or “blood” or “mice” or “rat” or “human” or “patient” (for the precise search algorithm used in the PubMed and Web of Science databases see Supplementary Material 1). The search was conducted in September 2021. Articles included in the analysis focused on psychotic disorders or SCZ and their relationship with RELN and rodent models. The articles were evaluated by two independent reviewers. We also made a cross-reference search of included relevant studies and previous reviews and contacted study authors and experts for data clarification.



Eligibility

The inclusion criteria were selected to systematize the search in the databases so that only articles of interest on the subject of behavioral and brain phenotypes due to RELN alteration in SCZ rodent models would be retrieved. These inclusion criteria were studies on (i) murine models of SCZ, (ii) evaluation of RELN expression in SCZ, (iii) phenotypic alterations in the brain: (structure, molecular level, proteins), (iv) behavioral disturbances observed in prenatal, early postnatal, or adulthood, (v) and comparison with a control group. The exclusion criteria were studies (i) on humans, animal models other than rodents, or cells, (ii) published before 2010 (studies were excluded because their results were already present in the selected articles [Supplementary Material 2]), (iii) on extracellular matrix (ECM) alterations other than RELN, (iv) on genetic studies and other psychiatric disorders, (v) on hormones (oxytocin, serotonin, etc.), blood, other proteins, (vi) on uncontrolled studies, and (vii) on phenotypic alterations in organs other than the brain, (viii) and on studies not published in peer review journals.



Study Selection

Two independent reviewers (CM-C and ACS-H) screened the titles and abstracts to identify studies that met the inclusion criteria outlined above using Rayyan (Ouzzani et al., 2016) software. The same researchers then reviewed the eligible full texts. The final list of articles was agreed to by consensus. Disagreements on eligibility were resolved by discussions with two additional reviewers (BC-F and NG-T).



Data Extraction, Synthesis, and Quality Assessment

The following information was extracted in duplicate from each study: first author, year, rodent model, species, methods, and type of RELN alteration. The open field test (distance traveled and time spent in the center) and prepulse inhibition test results (inhibition percentage) were selected for a meta-analysis because of their relevance in SCZ when possible. Whereas, a meta-analysis was not performed due to outcome heterogeneity, lack of reported original data, and variability found in behavioral tests and protocols.

Study quality was assessed using the Systematic Review Center for Laboratory Animal Experimentation (SYRCLE) risk of bias tool, which is the adapted version for animal studies of the Cochrane Risk of Bias tool (Hooijmans et al., 2014). Outcome measures were extracted separately by two of the researchers and categorized in five areas: 1. population (rat or mouse); 2. sex; 3. rodent model; 4. behavior; and 5. RELN alteration. The Supplementary Material was used for additional data and authors were contacted to request additional information.




RESULTS


Data Analysis: Studies Included and Excluded

A total of 397 articles were retrieved from the databases. Of these, 105 duplicate references found by cross-referencing were excluded, and 255 more were excluded for the following reasons: reported on human, cell, or non-rodent studies (49 articles), were written before 2010 (129), were on ECM alterations not related to RELN (17), were on genetic or other mental disorders (32), and were on hormone or blood studies (28). The remaining 37 studies were included in the final analysis (Figure 2).
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FIGURE 2. PRISMA flow diagram of the reviewing process – systematic selection for inclusion or exclusion.




Risk of Bias

All studies were found to have an unclear or a low risk of bias according to the SYRCLE risk of bias tool (Supplementary Material 4). Most studies described animal and housing characteristics and reported some attrition bias. However, information on sequence generation, allocation concealment, caretaker/researcher blinding, and random outcome assessment was barely reported.



Reelin Alteration in Rodent Models of Schizophrenia

Previous literature reporting on RELN alterations described in various SCZ rodent models, as well as their behavioral and brain phenotypes, are reported below. Only those SCZ rodent models in which RELN biology has been investigated are included in our systematic review [for the main findings of studies in this review (model type, animal, methods, analysis, results, and RELN alterations) see Supplementary Material 3].


Pharmacological Models

Pharmacological models evaluate the effect of administering a drug that causes SCZ-like symptoms in animals (Steeds et al., 2015). This review included two pharmacological models, phencyclidine (PCP) (Radonjić et al., 2013), and exposure to methylazoxymethanol (MAM) (Matricon et al., 2010; Table 1).


TABLE 1. Principal findings of pharmacological model studies included in this review.
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Phencyclidine

The N-methyl-D-aspartate receptor (NMDAr) hypofunction has been hypothesized as a critical component of SCZ pathophysiology, promoting deficits in gamma-aminobutyric acid (GABA)ergic signaling. PCP, a dissociative anesthetic that induces SCZ-like psychosis with positive and negative symptoms and cognitive dysfunction, is a non-competitive antagonist of NMDAr (Radonjić et al., 2013; Grayson et al., 2016).

In the postnatal stages, RELN expressed by GABAergic interneurons modulates NMDAr activity. Radonjić et al. (2013) were the first to describe a significantly reduced density of RELN-positive cells in the retrosplenial cortex (82% of the control value) and CA1 and CA3 hippocampus subregions (68 and 46% of the control value, respectively) in P70 male rats. This alteration contributes to the face validity of PCP as a SCZ rodent model (Radonjić et al., 2013). The model also shows a decreased density of reelin-positive cells in the hippocampus and the cortex (Radonjić et al., 2013) and behavioral defects, mainly cognitive alterations (i.e., impaired acquisition of spatial learning in the Morris water maze, reduced rate of learning in the delayed spontaneous alternation test, and impaired ability to shift attentional set in the attentional set-shifting task) (Radonjić et al., 2013; Grayson et al., 2016).



Exposure to Methylazoxymethanol

Methylazoxymethanol is a neurotoxin that reduces DNA synthesis. It is used in rodent models to mimic some psychiatric diseases, such as SCZ (Matricon et al., 2010). The morphometric, cytoarchitectural, neuromorphometric, and ventricular enlargement effects of MAM embryonic day 17 (E17) treatment on the brain were evaluated.

Matricon et al. (2010) studied RELN involvement in the MAM mechanism and its neuropathological effects in 6-month-old male and female rats. The number of RELN positive cells and reln expression levels were the same in MAM and control animals. However, RELN methylation in the hippocampus was decreased, providing evidence of the involvement of RELN. This was determined with the amplification of 252bp sequence in the reln promoter that allowed the determination of the methylation level of CpG regions (Matricon et al., 2010). The brains of these rats had a significantly smaller volume and thickness. A non-significant enlargement of the lateral ventricles was also observed.




Maternal Immune Activation Models

Epidemiological studies have suggested that maternal immune activation (MIA) is linked to the development of SCZ (Ghiani et al., 2011; Harvey and Boksa, 2012; Nouel et al., 2012; Ratnayake et al., 2012; Giother with the Viravanoli et al., 2014; Fatemi et al., 2017; Conway and Brown, 2019; Aguilar-Valles et al., 2020). Exposure to prenatal infection in critical stages of gestation is an environmental risk factor for the development of this neuropsychiatric disorder and can lead to alterations in GABAergic and glutamatergic signaling systems as well as RELN and inflammatory mediators. Early gestation periods present a higher risk of development of behavioral impairments (Ghiani et al., 2011) usually found in patients with SCZ (Giother with the Viravanoli et al., 2014; Fatemi et al., 2017).

There are various rodent models for studying the effects of exposure to viral or bacterial agents during development (Ghiani et al., 2011; Harvey and Boksa, 2012). Three MIA models, infection with a mouse-adapted human influenza virus (A/NWS/33 [H1N1]), lipopolysaccharide (LPS), and polyinosinic-polyribocytidilic acid (Poly(I:C)) are reviewed below (Table 2).


TABLE 2. Principal findings of MIA model studies included in this review.
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Influenza

This murine model consists of infecting pregnant dams with the human influenza virus (H1N1) on different days of prenatal development. This infection triggers alterations in signaling systems similar to those found in patients with SCZ (Kȩpińska et al., 2020).

Fatemi et al. (2017) studied the cerebellum (prenatal infection at E16), since this region participates in learning, memory, and emotional processing, and found a significantly lower VLDLR levels in postnatal day 14 (P14) and higher levels in young adult mice (P56). VLDLR is one of the RELN receptors, and therefore, alterations on this protein might cause impaired RELN signaling pathways and functions. They also described an increased expression of dab1, a downstream RELN signaling molecule, in the hippocampus (Fatemi et al., 2017). Only male mice were analyzed in this study.



Polyinosinic-Polycytidilic Acid

Polyinosinic-polycytidilic acid is a synthetic analog of double-stranded RNA that triggers a cytokine-associated immune response (Harvey and Boksa, 2012; Ratnayake et al., 2012; Giother with the Viravanoli et al., 2014). This compound causes an increase in the pro-inflammatory IL-6 cytokine measured 3 h after injection in maternal serum. The weight gain of pregnant females tends to differ from controls after injection (Harvey and Boksa, 2012). The phenotypes depend on both day of injection and day of dose. The mouse strain used may also influence this variable.

Infections in early (gestational day 9 (GD9)) and late (GD20) prenatal ages were coherent with the effect of Poly(I:C) on the number of RELN-positive cells. Harvey and Boksa (2012) found a reduction in the density of RELN-positive neurons in the CA1 dorsal stratum oriens at P28 compared to controls (12% decrease in males and 22% in females at GD9). Ratnayake et al. (2012) reported significantly fewer of these neurons in the hippocampus, the motor cortex, and the cerebellum at P1, and this decrease was also significant at P100 in the hippocampus at GD20 in male and female mice. Giother with the Viravanoli et al. (2014) combined prenatal immune challenge (GD9) and peripubertal stress, and they also reported a reduced number of RELN-positive cells in the hippocampus of male mice at P70. Other phenotypes described are an increase in the density of glutamate decarboxylase (GAD) 67-positive neurons in the dorsal and ventral stratum oriens in female mice (Harvey and Boksa, 2012), increased GFAP (flial fibrillary acidic protein) expression, and more activated microglia, especially in the hippocampus (Ratnayake et al., 2012).

Polyinosinic-polycytidilic acid models may show behavioral defects. Ratnayake et al. (2012) observed less distance traveled in the open field test, as well as defects in non-spatial memory (decreased latency to fall in the rotarod test) and learning tasks (decreased discrimination index in the novel object recognition test) in both sexes compared to controls.



Lipopolysaccharide

Infection by the bacterial endotoxin, LPS, increases the expression of pro-inflammatory cytokines like IL-6 and IL-1β in the animal (placenta, amniotic fluid, plasma, the liver, and the brain) (Ghiani et al., 2011; Harvey and Boksa, 2012). As in other models, the study of day of infection GD9 (Harvey and Boksa, 2012), GD15 and 16 (Ghiani et al., 2011; Nouel et al., 2012), sex, and age generated a wide variability of results. One of the factors commonly affected is the weight of both the injected pregnant dams (less weight gain 3 h after injection; Harvey and Boksa, 2012) and male offspring (less weight at P0 and P28; Nouel et al., 2012).

Reduced expression of RELN in the Cajal-Retzius cells of GD18 rat fetuses (Ghiani et al., 2011) and decreased number of RELN-positive neurons in the dentate gyrus and CA1 regions at P14 male rats (Nouel et al., 2012) have been described. Ghiani et al. (2011) consistently found a significant 30% decrease in 180-kDa-form RELN protein levels. This suggests a relationship between prenatal inflammation and RELN cleavage (Ghiani et al., 2011). Nouel et al. (2012) did not find changes in RELN expression, possibly because immunoreactive cell counting is a more sensitive method than a western blot. The early infection model included here did not show any alteration of RELN (Harvey and Boksa, 2012).

GAD67 alterations are controversial. The early infection model at GD9 (Harvey and Boksa, 2012) showed increased GAD67 expression and more positive neurons in the ventral stratum oriens in P28 male mice (differences in females were not found), whereas the late infection model at GD15 and 16 (Nouel et al., 2012) showed fewer GAD67-positive cells in the dentate gyrus in P14 male rats. Regarding the brain structure, Ghiani et al. (2011) found significant enlargement of the cortical plate in the neocortex of the fetuses and altered expression pattern of immature neuronal markers. Harvey and Boksa (2012) reported an increase in neuronal density in CA1 in pups.




Stress Models

Several studies have demonstrated the impact of the environment on brain development in prenatal and postnatal stages, and this gene-environment relationship may be one of the causes of SCZ (Matrisciano et al., 2013; Gomes et al., 2019). One of these environmental factors is stress. These SCZ models are grouped below by the time of exposure to stress, either prenatal through prenatal restraint stress (PRS) or postnatal through social isolation or maternal deprivation (Table 3).


TABLE 3. Principal findings of stress model studies included in this review.

[image: Table 3]

Maternal Deprivation

Aksic et al. (2021) studied the effects of maternal deprivation in the expression of neocortex and hippocampus markers in P60 male and female rats. Maternal deprivation models show usually impaired declarative memory and sensorimotor gating defects. Aksic et al. (2021) reported a reduced number of RELN positive interneurons in the CA1 and CA3 regions of the hippocampus, but not in the neocortex. These anomalies were not caused by cell death, suggesting that maternal deprivation provokes a downregulation of RELN in offspring.



Social Isolation

Only one study by Ko et al. (2016) on postnatal isolation after maternal weaning (P21) is included here. Social isolation models are usually hyperactive, show an enhanced response to novelty, anxiety, and aggression, and have an impaired PPI (7-week-old) (Ko et al., 2016; Winship et al., 2019). Although Ko et al. (2016) studied reln gene expression, they did not report significant differences regarding reln in male and female rats. Female isolation rats presented elevated levels of reln expression with respect to non-isolation rats.



Prenatal Restraint Stress

Prenatal restraint stress has been shown to predispose offspring to defects similar to those found in patients with SCZ, like reduced dendritic spines density in the hippocampus and changes in gene promoters’ methylation (Holloway et al., 2013). Stress in prenatal stages increases cortisol levels in the mother and male and female offspring and affects neurodevelopment (Palacios-García et al., 2015).

In E20 male and female rats, this model has shown a lower density of RELN-positive neurons in the cortex (layer I) and reduced RELN protein and gene expression. There was a 79% decrease in RELN immunoreactivity in PFC. Increased Dab1 adapter protein levels and lower phosphorylation of H1 histone, both related to the RELN pathway, have been observed (Palacios-García et al., 2015). Previous studies have reported changes in reln promoter methylation, specifically, increased methylation of the CpG regions. This increased methylation pattern was observed in the model (Palacios-García et al., 2015). In male mice, this model also has shown high dnmt1 and dnmt3a (DNA methyltransferase 1 and 3a) expression levels in the frontal cortex and the hippocampus at birth and adulthood (P60), as well as an increased binding of DNMT1 to reln promoter. DNMT overexpression in GABAergic neurons was associated with a 54% decrease in RELN expression in the frontal cortex (Matrisciano et al., 2013). Clozapine treatment corrected the elevated DNMT1 expression levels and reduced the DNMT1 binding to reln promoter in adult male mice (Dong et al., 2016).

These adult rodent models (P60) showed increased spontaneous locomotor activity (Matrisciano et al., 2013; Palacios-García et al., 2015), decreased social interaction with a novel mouse, a deficit in PPI of startle and fear conditioning (decreased fear conditioning response and no extinction) (Matrisciano et al., 2013). They also showed high levels of anxiety (decreased time spent in the open arms of the elevated plus-maze) and impaired learning and memory consolidation in the passive avoidance test (reduced latency time in PRS rats) (Palacios-García et al., 2015). The behavioral phenotypes were corrected with clozapine and valproic acid (P75) (Matrisciano et al., 2013; Dong et al., 2016). Clozapine and valproic acid corrected the increased locomotion, social interaction deficits, and PPI defects in PRS mice (Matrisciano et al., 2013; Dong et al., 2016).




Genetic Models

In addition to environmental alterations that can trigger SCZ, genetic factors, such as those in the models reviewed below, showing altered RELN expression, or transgenic models of modified pathways/genes related to this protein, must also be considered (Howes et al., 2004; Nullmeier et al., 2011; Teixeira et al., 2011; Howell and Pillai, 2016; Cleynen et al., 2020; Hannon et al., 2021; Table 4).


TABLE 4. Principal findings of genetic model studies included in this review.
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Heterozygous Reeler Mouse

This HRM model is a reln haploinsufficient mouse that has been proposed as a genetic model for SCZ (Nullmeier et al., 2014, 2011). HRM has fewer GAD67-positive neurons in the hippocampus of 28-week-old female mice (Nullmeier et al., 2011). They emerged from a spontaneous mutation in mice with autosomal recessive heritability (Falconer, 1951; Magliaro et al., 2016), thus enabling the consequences of partial downregulation of RELN expression to be studied (van den Buuse et al., 2012). Despite behavioral and neuroanatomical characteristics similar to those found in patients (Nullmeier et al., 2014, 2011), such as alterations of the laminar architecture of the brain (Magliaro et al., 2016), there is wide controversy about the reproducibility of behavioral results (Teixeira et al., 2011). Some authors have described PPI deficits; however, other studies have not been able to replicate them. van den Buuse et al. (2012) described an increase in MK-801-induced locomotion in male mice and altered startle reflex in both sexes (10- to 12-week-old). Rogers et al. (2013) studied this model using RELN supplementation to revert those phenotypes (reduced expression of GAD67 and PPI deficits) in male and female mice. Moreover, reduced reelin exposure by prenatal pesticide exposure can alter the shape and connectivity of neurons in several brain regions as they have shown with HRM (male HRM at P90 with chlorpyrifos oxon exposure at GD13.5) (Mullen et al., 2016).

The NMDAr levels were altered [upregulation of NR1 subunits and downregulation of NR2C subunits in the frontal cortex (van den Buuse et al., 2012)], and defects appeared in the Brain-Derived Neurotrophic Factor (BDNF)-tropomyosin receptor kinase B (TrkB) signaling pathway (increased BDNF levels and decreased phosphorylated TrkB in the ventral hippocampus of female mice), as also described in the postmortem brains of patients (Hill et al., 2013).

The cerebellar structure of this model has also been characterized. Magliaro et al. (2016) studied the number and topology of Purkinje neurons, observing a reduction in the density of these neurons in both sexes (2 months old), and male mice, in particular, had larger, chaotically arranged Purkinje neurons.

The effects of stressors or alterations in this model have been widely studied (Rogers et al., 2013; Romano et al., 2013; Howell and Pillai, 2014, 2016; Schroeder et al., 2015; Mullen et al., 2016; Notaras et al., 2017). One such alteration is the exposure of the HRM model to prenatal hypoxia, an environmental factor closely related to SCZ (Howell and Pillai, 2014). Howell and Pillai (2014) described alterations caused by prenatal hypoxia [anxiety-like behavior at 3 months old, increased protein levels of vascular endothelial growth factor (VEGF) in the hippocampus, increased glucocorticoid receptor (GR) levels in the frontal cortex (1 month old), lower corticosterone levels at 3 months old, etc.], regardless of genotype. They also described increased levels of HIF-1α and VEGF in the forebrain at E18 and increased GR levels in the forebrain at E18 and 3 months of age in HRM. A similar study with 6-month-old mice evaluating the long-term effects of prenatal hypoxia described significant changes specific to the HRM model, such as decreased frontal cortex volume, decreased RELN expression in the hippocampus, HIF-1α levels in the frontal cortex and serum VEGF (Howell and Pillai, 2016).

In another vein, Romano et al. (2013, 2014) studied the possible short- and long-term benefits of nicotine administration to the HRM model, with different doses and administration routes (1 mg/kg-subcutaneous or 1 mg/ml-oral). In both cases, male mice had behavioral defects (hyperlocomotion) that reverted to control levels after nicotine administration (P35, Romano et al., 2013; P37-42, Romano et al., 2014). They also described the reduction of RELN and GAD67 mRNA expression in the PFC, the hippocampus, the cerebellum, and the striatum. This phenotype also reverted to normal levels after nicotine administration (Romano et al., 2014, 2013).

Two other authors studied the effects of stress caused by administering corticosterone to HRM mice (Schroeder et al., 2015; Notaras et al., 2017). Despite both studies concluding that subjecting HRM to chronic stress caused deficits in spatial memory (decreased preference for the novel arm), they differed with regard to stress defects in PPI in 11-week-old male and female mice. Schroeder et al. (2015) detected an increase in the RELN expression in the PFC of female HRM treated with corticosterone and deficits in PPI in male controls (not HRM). However, Notaras et al. (2017) described decreased PPI in HRM treated with corticosterone.



Loss of Reelin Function

In these two included models (Sakai et al., 2016; Pahle et al., 2020), partial loss of reln function is caused in the animal to study its behavioral and biochemical consequences. This loss of function can be accomplished by cleavage of a RELN region, such as the C-terminal region (Sakai et al., 2016), or by selective inactivation of its function in a certain cell type, such as inhibitory interneurons (Pahle et al., 2020).

Sakai et al. (2016) found that the C-terminal region is necessary for some RELN functions and activation of RELN downstream signaling in 11-week-old male mice. Brain structure was altered (reduced cortex layer I, CA1 pyramidal cell layer split in two, reduced granule cell layer density of dentate gyrus). RELN signaling was also reduced in the cortex and the hippocampus (a significant increase of Dab1 protein in these regions) (Sakai et al., 2016). The inhibitory interneuron knockout model demonstrated, in 15-week-old male mice, that, although RELN in these cells does not participate in adult neurogenesis or neuronal layering, its alteration has consequences for total RELN expression in the neocortex and dentate gyrus (Pahle et al., 2020). This model showed a significant reduction of RELN in these regions (35% in the dentate gyrus, 47% in the hippocampus, and 94% in the neocortex) (Pahle et al., 2020). These partial losses of RELN function can affect model behavior. C-terminal region cleavage makes the mouse hyperactive, less anxious, and less social and impairs working memory (Sakai et al., 2016), while the lack of RELN expression in inhibitory interneurons has no behavioral effect (Pahle et al., 2020).



A Disintegrin and Metalloproteinase With Thrombospondin Motifs Knock Out

Reelin is cleaved at three sites during processing (Yamakage et al., 2019; Jossin, 2020). One of these proteolytic cleavages takes place at the N-terminal site, which reduces RELN ability to induce Dab1 phosphorylation and inactivates RELN (Yamakage et al., 2019). Ogino et al. (2017) and Yamakage et al. (2019) studied the protease mediating this cleavage.

Reelin N-t-cleavage is mediated by secreted metalloprotease ADAMTS (a disintegrin and metalloprotease with thrombospondin motifs). This family of 19 members has a basic structure formed by a signal peptide, prodomain, metalloprotease domain, disintegrin domain, thrombospondin type 1 motifs, cysteine-rich domain, spacer domain, and ancillary domains (Yamakage et al., 2019).

Several ADAMTS have been reported to carry out the proteolytic cleavage of RELN, depending on the developmental stage. In the prenatal stages, this cleavage is mediated by ADAMTS3 in the embryonic brain, specifically in the cortex and the hippocampus. This metalloprotease is expressed in excitatory neurons in these regions. There is less RELN inactivation and lower Dab1 levels and phosphorylated Tau in the cortex of the mouse model that does not express this metalloprotease (E18.5 ADAMTS3 Knock out). Dab1 and phosphorylation Tau levels inversely correlate with RELN activity (Ogino et al., 2017).

In the postnatal stages, ADAMTS2 mediates RELN N-t-site cleavage in the cortex and the hippocampus of the postnatal brain just as efficiently as ADAMTS3 in the prenatal stages. The disintegrin domain is required for ADAMTS2 to process RELN correctly. This was confirmed by generating an ADAMTS2 knockout model that showed lower RELN levels in the cerebral cortex and the hippocampus in P60 male and female mice (Yamakage et al., 2019). Recent studies have found ADAMTS2 upregulation in patients with SCZ at basal conditions restored to control levels following antipsychotic treatment. This provides further support for the relationship between ADAMTS2 and RELN and points to ADAMTS2 upregulation as the possible cause of the reduced RELN expression in patients with SCZ (Sainz et al., 2013; Crespo-Facorro et al., 2014; Ruso-Julve et al., 2019).



Very-Low Density Lipoprotein Receptor Overexpression

The VLDLR and low-density lipoprotein receptor-related protein 8 (Lrp8), as well as the intracellular adapter protein Dab1, are a part of the RELN signaling pathway (Iwata et al., 2012; Jossin, 2020). Following studies that reported increased VLDLR mRNA levels in the brain of patients with autism, Iwata et al. (2012) generated a rat model that overexpressed vldlr in the brain. RELN binds to VLDLR and Lrp8 to regulate neuronal layering positioning in cortical brain regions. Although these rats do not have any morphological brain abnormalities, they do show behavioral alterations, such as increased spontaneous locomotor activity and defects in working memory, as evaluated in the radial maze. RELN binding to VLDLR triggers the phosphorylation of Dab1. Dab1 has been found to be reduced in patients with autism. In this model, Iwata et al. (2012) reported decreased dab1 expression in the PFC and the cerebellum, showing that VLDLR overexpression alters downstream RELN signaling (2- to 3-month-old rats) (Iwata et al., 2012).



Reelin Overexpression

Few studies have focused on the role of RELN as a treatment for SCZ. Teixeira et al. (2011) generated a mouse model that overexpresses RELN to evaluate the direct influence of RELN levels on mouse behavior. Under basal conditions, this model does not have behavior deficits. However, RELN overexpression mice (>8-week-old) do show defects after corticosterone treatment. Wild-type mice with corticosterone spent significantly more time floating in the forced swim test than RELN overexpression mice and control mice. This suggests that RELN overexpression mice were less sensitive to helplessness-like behavior induced by corticosterone. RELN overexpression mice also showed defects after cocaine (reduced sensitization to continued cocaine administration) or NMDA antagonist (prevents impaired PPI) treatments. This model demonstrated that RELN overexpression in the mouse forebrain protects against environmental stressors that are related to the cause of psychiatric disorders such as SCZ (Teixeira et al., 2011).






DISCUSSION

Our main findings show that SCZ rodent models (pharmacological models, MIA, stress, and genetic models) can be categorized depending on the type of RELN alteration described: reduced RELN expression, fewer RELN-positive cells, alteration of RELN signaling, and different methylation patterns. The fact that RELN is altered in all the models, despite their diversity, shows that the RELN pathway is one of the keys to SCZ disease and a preclinical biomarker common to all models.

This review helps clarify the differences and variability in results between models and between authors by schematically presenting the main findings of each study, highlighting the multifactorial nature of SCZ models. Even though all models were of the same disease, not all authors agreed on the main symptoms or on how RELN function and expression are altered. Patients with SCZ have been reported to have lower RELN levels in the brain (Brosda et al., 2011; Nullmeier et al., 2011; Schroeder et al., 2015). Some of the studies included in this review found lower RELN expression (Brosda et al., 2011; Ghiani et al., 2011; Matrisciano et al., 2013; Palacios-García et al., 2015; Dong et al., 2016; Yamakage et al., 2019; Pahle et al., 2020), a decrease in the number of RELN-positive cells (Harvey and Boksa, 2012; Nouel et al., 2012; Ratnayake et al., 2012; Radonjić et al., 2013; Giother with the Viravanoli et al., 2014; Palacios-García et al., 2015; Aksic et al., 2021), altered RELN signaling (Iwata et al., 2012; Sakai et al., 2016; Fatemi et al., 2017; Ogino et al., 2017; Yamakage et al., 2019), or a different methylation pattern (Matricon et al., 2010; Matrisciano et al., 2013; Palacios-García et al., 2015; Dong et al., 2016). Very few models did not find direct RELN alterations (Harvey and Boksa, 2012; Ishii et al., 2015b; Ko et al., 2016; Table 5). All the studies in HRM models corroborated 50% RELN expression (Nullmeier et al., 2011, 2014; Teixeira et al., 2011; van den Buuse et al., 2012; Hill et al., 2013; Rogers et al., 2013; Romano et al., 2013, 2014; Schroeder et al., 2015; Howell and Pillai, 2016; Magliaro et al., 2016; Mullen et al., 2016; Notaras et al., 2017). Despite the fact that each author focused on a different region of the brain, most of the alterations were described in the PFC and the hippocampus, being both regions highly involved in SCZ disease. The only three models that overexpress RELN instead of reducing levels are the Teixeira et al. (2011) transgenic model, in which they caused this overexpression to study its consequences in mice, the RELN injections models (7 to 9-week-old male mice, Sawahata et al., 2021; 6 to 7-week-old male mice, Ishii et al., 2015a) and the high-fat diet model (12 to 24-week-old mice) (Roberts et al., 2019; Table 5). A recent study supports the hypothesis of RELN as a treatment for SCZ. It reported that RELN microinjection in the hippocampus of an MIA model mouse can rescue deficits in memory (novel object recognition) and anxiety-like behavior (Ibi et al., 2020).


TABLE 5. Principal findings of other model studies included in this review.

[image: Table 5]
During postnatal development and adult stages, RELN is expressed in GABAergic interneurons and modulates NMDA receptor activity and synaptic plasticity (Harvey and Boksa, 2012). GAD67 is a marker for γ-aminobutyric acid (GABA) neurons and is responsible for converting glutamate to GABA (Harvey and Boksa, 2012). Changes in GABAergic neurotransmission and synaptic plasticity could result in a brain vulnerable to other environmental and genetic risk factors, and the interaction of these factors could give rise to SCZ (Harvey and Boksa, 2012). RELN, GAD65, and GAD67 levels are also often altered in patients with SCZ (postmortem studies) (Nullmeier et al., 2011; de Jonge et al., 2017). In the articles reviewed, these results were also contradictory. Some models showed higher levels of GAD65/67 (Harvey and Boksa, 2012; Rogers et al., 2013; Fatemi et al., 2017), while others described lower levels (Nullmeier et al., 2011; Nouel et al., 2012; Matrisciano et al., 2013; Romano et al., 2013, 2014) depending on the brain area studied and the model. Further studies are needed to determine the reason for this variability in results, even within the same type of model.

Similar diversity was found in the behavioral differences between models and their controls. The variability found in the open field test and prepulse inhibition analysis revealed the heterogeneity of these models, which is why further studies are necessary to help establish better defined, more comparable protocols. Other behavior tests evaluated memory (spatial and object recognition associated with fear) and sociability, but no overall statistical analysis was possible due to the small sample sizes. The variability in the results on RELN alteration in rodent models of SCZ reviewed here highlights the need to agree on model protocols.

Our results support the hypothesis of genetic and environmental causes of SCZ disease. Various alterations of environmental factors during prenatal and early postnatal development (stress, viral and bacterial infections, drug exposure) have been reported to cause symptoms similar to those described in patients with SCZ. Roberts et al. (2019) studied the consequences of a high-fat diet on RELN levels and its main receptors (ApoER2 and VLDLR) in a mouse model and concluded that this protein is affected by diet-induced obesity. Patients with SCZ commonly have metabolism and obesity issues. In this regard, more research on diet in SCZ models is necessary, as a high-fat diet has been found to alter RELN expression in areas of the brain related to this disease (Roberts et al., 2019). Several authors have also described differences in model weight gain. In PRS models, a 10–15% smaller weight gain than in controls was observed in mice (Matrisciano et al., 2013) and 22.8% in rats (Palacios-García et al., 2015), while the Harvey and Boksa (2012) LPS model weighed more than controls at birth. The adult models may also differ in weight. Harvey and Boksa (2012) described a lower weight in two MIA, LPS, and Poly (I:C) mouse models. Another LPS model corroborated these results (Nouel et al., 2012). The loss of reln function model (Sakai et al., 2016) also showed a decrease in mean body weight.

Another environmental factor reported in this review as a cause of SCZ is prenatal neuroinflammation. The articles included here studied pro-inflammatory cytokines and glial alterations (microglia and astroglia), especially in MIA models (Ghiani et al., 2011; Harvey and Boksa, 2012; Ratnayake et al., 2012). It would be of interest for the possible alterations in neuroinflammation markers to be evaluated in other types of SCZ models. Finally, it is worth mentioning the influence of sex in this clearly sexually dimorphic disease, in which men and women do not always present the same symptoms or outcome (Mendrek and Stip, 2011; Ayesa-Arriola et al., 2020). Until recently, most studies in rodent models have only used males to avoid variability in results caused by hormonal cycles in females. However, in recent years, females have begun to be included in many studies, and their results vary between sexes. Harvey and Boksa (2012) found a reduction in the density of RELN-positive neurons in the CA1 dorsal stratum oriens at P28 compared to controls (12% decrease in males and 22% in females at GD9) in the Poly (I:C) model. Other articles included in this review do not specify whether the differences found in RELN are sex-dependent. Therefore, it remains unclear whether there is a sexually dimorphic expression of RELN in the brain of these rodent models of SCZ. Harvey and Boksa (2012) described increased GAD67 expression in ventral stratum oriens specifically in female mice injected with Poly (I:C) and in male mice injected with LPS. van den Buuse et al. (2012) only observed MK-801-induced hyperlocomotion in HRM male mice and the same group found increased BDNF levels in HRM hippocampus of female mice (Hill et al., 2013). Magliaro et al. (2016) reported larger Purkinje neurons in male HRM. Future studies with rodent models of this disease should include both female and male rodent models in all analyzed parameters.

This review has some limitations. First, many of the rodent models described are not only specific to SCZ. For example, MIA models are often used to mimic autism symptoms, and stress models are usually associated with depression. However, we tried to minimize this limitation by specifically selecting studies that mention SCZ and were centered on positive, negative, and cognitive symptoms associated with this psychiatric disorder. Second, the search is limited to studies that include RELN analysis. Therefore, since not all existing SCZ rodent models are included in our systematic review, we cannot rule out whether RELN could also be altered in those models.



CONCLUSION AND FUTURE DIRECTIONS

Our results conclude that RELN is an altered biomarker common to all included rodent models, mainly those that involve prenatal or genetic alterations, and a key protein of SCZ, making the RELN signaling pathway in prenatal stages a target of special interest for future preclinical and clinical studies. We have shown that all different rodent models have at least one of the four described types of RELN alterations, thus highlighting this protein as a common substrate that will contribute to the face validity of future SCZ models. Future study designs should include both female and male animals due to the sexual dimorphism of SCZ, and behavioral evaluation protocols are necessary to minimize heterogeneity of results.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

ACS-H and CM-C wrote the first draft of the manuscript. ACS-H, CM-C, and NG-T did the quality assessment of the included studies. NG-T managed the literature searches and wrote the protocol. BC-F revised the manuscript critically. All authors contributed to the first draft of the manuscript and have revised and approved the final manuscript.



FUNDING

This review did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors. ACS-H and CM-C were supported by the Spanish Network for Research in Mental Health (CIBERSAM). BC-F received unrestricted research funding from Instituto de Salud Carlos III, MINECO, Gobierno de Cantabria, Spanish Network for Research in Mental Health (CIBERSAM), from the Seventh European Union Framework Program and Lundbeck. He has also received honoraria for his participation as a consultant and/or as a speaker at educational events from Janssen Johnson and Johnson, Mylan, Lundbeck, and Otsuka Pharmaceuticals. NG-T received payment under Rio Hortega contract CM20/00015 with the Carlos III Health Institute.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnana.2022.844737/full#supplementary-material


ABBREVIATIONS

ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; BDNF, brain-derived neurotrophic factor; Dab1, disabled homolog-1; DNMT, DNA methyltransferase; E, embryonic day; GAD65/67, glutamate decarboxylase 65/67; GD, gestational day; HP, hippocampus; HRM, heterozygous reeler mouse; LPS, lipopolysaccharide; MAM, methylazoxymethanol acetate; MIA, maternal immune activation; NMDAr, N-methyl -D-aspartate receptor; P, postnatal day; PCP, phencyclidine; PFC, prefrontal cortex; Poly(I:C), polyinosinic:polycytidylic acid; PPI, prepulse inhibition; PRS, prenatal restraint stress; RELN, reelin; VLDLR, very-low density lipoprotein receptor.


REFERENCES

Aguilar-Valles, A., Rodrigue, B., and Matta-Camacho, E. (2021). Maternal Immune Activation and the Development of Dopaminergic Neurotransmission of the Offspring: relevance for Schizophrenia and Other Psychoses. Front. Psychiatr. 11:852. doi: 10.3389/fpsyt.2020.00852

Aksic, M., Poleksic, J., Aleksic, D., Petronijevic, N., Radonjic, N. V., Jakovcevski, M., et al. (2021). Maternal Deprivation in Rats Decreases the Expression of Interneuron Markers in the Neocortex and Hippocampus. Front. Neuroana. 15:670766. doi: 10.3389/fnana.2021.670766

Ang, M. J., Lee, S., Kim, J.-C., Kim, S.-H., and Moon, C. (2021). Behavioral Tasks Evaluating Schizophrenia-like Symptoms in Animal Models: a Recent Update. Curr. Neuropharmacol. 19, 641–664. doi: 10.2174/1570159X18666200814175114

Arioka, Y., Shishido, E., Kubo, H., Kushima, I., Yoshimi, A., Kimura, H., et al. (2018). Single-Cell Trajectory Analysis of Human Homogenous Neurons Carrying a Rare RELN Variant. Transl. Psychiatr. 8:129. doi: 10.1038/s41398-018-0177-8

Ayesa-Arriola, R., Ortíz-García de la Foz, V., Setién-Suero, E., Ramírez-Bonilla, M. L., Suárez-Pinilla, P., Son, J., et al. (2020). Understanding Sex Differences in Long-Term Outcomes after a First Episode of Psychosis. Npj Schizophrenia 6:33. doi: 10.1038/s41537-020-00120-5

Bosch, C., Masachs, N., Exposito-Alonso, D., Martínez, A., Teixeira, C. M., Fernaud, I., et al. (2016). Reelin Regulates the Maturation of Dendritic Spines, Synaptogenesis and Glial Ensheathment of Newborn Granule Cells. Cerebr. Cortex 26, 4282–4298. doi: 10.1093/cercor/bhw216

Brosda, J., Dietz, F., and Koch, M. (2011). Impairment of Cognitive Performance after Reelin Knockdown in the Medial Prefrontal Cortex of Pubertal or Adult Rats. Neurobiol. Dis. 44, 239–247. doi: 10.1016/j.nbd.2011.07.008

Cleynen, I., Engchuan, W., Hestand, M. S., Heung, T., Holleman, A. M., Johnston, H., et al. (2020). Genetic Contributors to Risk of Schizophrenia in the Presence of a 22q11.2 Deletion. Mol. Psychiatr. 26, 4496–4510. doi: 10.1038/s41380-020-0654-3

Conway, F., and Brown, A. S. (2019). Maternal Immune Activation and Related Factors in the Risk of Offspring Psychiatric Disorders. Front. Psychiatr. 10:430. doi: 10.3389/fpsyt.2019.00430

Crespo-Facorro, B., Prieto, C., and Sainz, J. (2014). Schizophrenia Gene Expression Profile Reverted to Normal Levels by Antipsychotics. Int. J. Neuropsychopharmacol. 18:yu066. doi: 10.1093/ijnp/pyu066

de Jonge, J. C., Vinkers, C. H., Hulshoff Pol, H. E., and Marsman, A. (2017). GABAergic Mechanisms in Schizophrenia: linking Postmortem and In Vivo Studies. Front. Psychiatr. 8:118. doi: 10.3389/fpsyt.2017.00118

Dong, E., Tueting, P., Matrisciano, F., Grayson, D. R., and Guidotti, A. (2016). Behavioral and Molecular Neuroepigenetic Alterations in Prenatally Stressed Mice: relevance for the Study of Chromatin Remodeling Properties of Antipsychotic Drugs. Transl. Psychiatr. 6:e711. doi: 10.1038/tp.2015.191

Eastwood, S. L., and Harrison, P. J. (2006). Cellular Basis of Reduced Cortical Reelin Expression in Schizophrenia. Am. J. Psychiatr. 163, 540–542. doi: 10.1176/appi.ajp.163.3.540

Falconer, D. S. (1951). Two New Mutants, “trembler” and “Reeler”, with Neurological Actions in the House Mouse (Mus Musculus L.). J. Genet. 50, 192–201. doi: 10.1007/BF02996215

Fatemi, S. H., Snow, A. V., Stary, J. M., Araghi-Niknam, M., Reutiman, T. J., Lee, S., et al. (2005). Reelin Signaling Is Impaired in Autism. Biol. Psychiatr. 57, 777–787. doi: 10.1016/j.biopsych.2004.12.018

Fatemi, S. H., Folsom, T. D., Liesch, S. B., Kneeland, R. E., Yousefi, M. K., and Thuras, P. D. (2017). The Effects of Prenatal H1N1 Infection at E16 on FMRP, Glutamate, GABA, and Reelin Signaling Systems in Developing Murine Cerebellum. J. Neurosci. Res. 95, 1110–1122. doi: 10.1002/jnr.23949

Folsom, T. D., and Fatemi, S. H. (2013). The Involvement of Reelin in Neurodevelopmental Disorders. Neuropharmacology 68, 122–135. doi: 10.1016/j.neuropharm.2012.08.015

Ghiani, C. A., Mattan, N. S., Nobuta, H., Malvar, J. S., Boles, J., Ross, M. G., et al. (2011). Early Effects of Lipopolysaccharide-Induced Inflammation on Foetal Brain Development in Rat. ASN Neuro 3:e00068. doi: 10.1042/AN20110027

Giovanoli, S., Weber, L., and Meyer, U. (2014). Single and Combined Effects of Prenatal Immune Activation and Peripubertal Stress on Parvalbumin and Reelin Expression in the Hippocampal Formation. Brain Behav. Immun. 40, 48–54. doi: 10.1016/j.bbi.2014.04.005

Gomes, F. V., Zhu, X., and Grace, A. A. (2019). Stress during Critical Periods of Development and Risk for Schizophrenia. Schizophrenia Res. 213, 107–113. doi: 10.1016/j.schres.2019.01.030

Grayson, B., Barnes, S. A., Markou, A., Piercy, C., Podda, G., and Neill, J. C. (2016). Postnatal Phencyclidine (PCP) as a Neurodevelopmental Animal Model of Schizophrenia Pathophysiology and Symptomatology: a Review. Curr. Topics Behav. Neurosci. 29, 403–428. doi: 10.1007/7854_2015_403

Guidotti, A., Auta, J., Davis, J. M., DiGiorgi-Gerevini, V., Dwivedi, Y., Grayson, D. R., et al. (2000). Decrease in Reelin and Glutamic Acid Decarboxylase67 (GAD67) Expression in Schizophrenia and Bipolar Disorder: a Postmortem Brain Study. Arch. Gen. Psychiatr. 57, 1061–1069. doi: 10.1001/archpsyc.57.11.1061

Hannon, E., Dempster, E. L., Mansell, G., Burrage, J., Bass, N., Bohlken, M. M., et al. (2021). DNA Methylation Meta-Analysis Reveals Cellular Alterations in Psychosis and Markers of Treatment-Resistant Schizophrenia. ELife 10:e58430. doi: 10.7554/eLife.58430

Harvey, L., and Boksa, P. (2012). A Stereological Comparison of GAD67 and Reelin Expression in the Hippocampal Stratum Oriens of Offspring from Two Mouse Models of Maternal Inflammation during Pregnancy. Neuropharmacology 62, 1767–1776. doi: 10.1016/j.neuropharm.2011.11.022

Hill, R. A., Wu, Y. W., Gogos, A., and den Buuse, M. (2013). Sex-Dependent Alterations in BDNF-TrkB Signaling in the Hippocampus of Reelin Heterozygous Mice: a Role for Sex Steroid Hormones. J. Neurochem. 126, 389–399. doi: 10.1111/jnc.12205

Holloway, T., Moreno, J. L., Umali, A., Rayannavar, V., Hodes, G. E., Russo, S. J., et al. (2013). Prenatal Stress Induces Schizophrenia-like Alterations of Serotonin 2A and Metabotropic Glutamate 2 Receptors in the Adult Offspring: role of Maternal Immune System. J. Soc. Neurosci. 33, 1088–1098. doi: 10.1523/JNEUROSCI.2331-12.2013

Hooijmans, C. R., Rovers, M. M., de Vries, R. B. M., Leenaars, M., Ritskes-Hoitinga, M., and Langendam, M. W. (2014). SYRCLE’s risk of bias tool for animal studies. BMC Med. Res. Methodol. 14:43. doi: 10.1186/1471-2288-14-43

Howell, K. R., and Pillai, A. (2014). Effects of Prenatal Hypoxia on Schizophrenia-Related Phenotypes in Heterozygous Reeler Mice: a Gene × Environment Interaction Study. Euro. Neuropsychopharmacol. 24, 1324–1336. doi: 10.1016/j.euroneuro.2014.05.011

Howell, K. R., and Pillai, A. (2016). Long-Term Effects of Prenatal Hypoxia on Schizophrenia-Like Phenotype in Heterozygous Reeler Mice. Mol. Neurobiol. 53, 3267–3276. doi: 10.1007/s12035-015-9265-4

Howes, O. D., McDonald, C., Cannon, M., Arseneault, L., Boydell, J., and Murray, R. M. (2004). Pathways to Schizophrenia: the Impact of Environmental Factors. Int. J. Neuropsychopharmacol. 7, S7–S13. doi: 10.1017/S1461145704004122

Ibi, D., Nakasai, G., Koide, N., Sawahata, M., Kohno, T., Takaba, R., et al. (2020). Reelin supplementation into the hippocampus rescues abnormal behavior in a mouse model of neurodevelopmental disorders. Front. Cellular Neurosci. 14:285. doi: 10.3389/fncel.2020.00285

Imai, H., Shoji, H., Ogata, M., Kagawa, Y., Owada, Y., Miyakawa, T., et al. (2017). Dorsal Forebrain-Specific Deficiency of Reelin-Dab1 Signal Causes Behavioral Abnormalities Related to Psychiatric Disorders. Cerebr. Cortex 27, 3485–3501. doi: 10.1093/cercor/bhv334

Impagnatiello, F., Guidotti, A. R., Pesold, C., Dwivedi, Y., Caruncho, H., Pisu, M. G., et al. (1998). A Decrease of Reelin Expression as a Putative Vulnerability Factor in Schizophrenia. Proc. Natl. Acad. Sci. U S A 95, 15718–15723. doi: 10.1073/pnas.95.26.15718

Ishii, K., Kubo, K., Endo, T., Yoshida, K., Benner, S., Ito, Y., et al. (2015b). Neuronal Heterotopias Affect the Activities of Distant Brain Areas and Lead to Behavioral Deficits. J. Neurosci. 35, 12432–12445. doi: 10.1523/JNEUROSCI.3648-14.2015

Ishii, K., Nagai, T., Hirota, Y., Noda, M., Nabeshima, T., Yamada, K., et al. (2015a). Reelin Has a Preventive Effect on Phencyclidine-Induced Cognitive and Sensory-Motor Gating Deficits. Neurosci. Res. 96, 30–36. doi: 10.1016/j.neures.2014.12.013

Iwata, K., Izumo, N., Matsuzaki, H., Manabe, T., Ishibashi, Y., Ichitani, Y., et al. (2012). Vldlr Overexpression Causes Hyperactivity in Rats. Mol. Autism 3:11. doi: 10.1186/2040-2392-3-11

Jossin, Y. (2020). Reelin Functions, Mechanisms of Action and Signaling Pathways During Brain Development and Maturation. Biomolecules 10:964. doi: 10.3390/biom10060964

Kȩpińska, A. P., Iyegbe, C. O., Vernon, A. C., Yolken, R., Murray, R. M., and Pollak, T. A. (2020). Schizophrenia and Influenza at the Centenary of the 1918-1919 Spanish Influenza Pandemic: mechanisms of Psychosis Risk. Front. Psychiatr. 11:72. doi: 10.3389/fpsyt.2020.00072

Ko, C.-Y., Wang, S.-C., and Liu, Y.-P. (2016). Sensorimotor Gating Deficits Are Inheritable in an Isolation-Rearing Paradigm in Rats. Behav. Brain Res. 302, 115–121. doi: 10.1016/j.bbr.2016.01.008

Magliaro, C., Cocito, C., Bagatella, S., Merighi, A., Ahluwalia, A., and Lossi, L. (2016). The Number of Purkinje Neurons and Their Topology in the Cerebellar Vermis of Normal and Reln Haplodeficient Mouse. Ann. Anat. 207, 68–75. doi: 10.1016/j.aanat.2016.02.009

Marzan, S., Aziz, A., and Islam, M. S. (2021). Association Between REELIN Gene Polymorphisms (Rs7341475 and Rs262355) and Risk of Schizophrenia: an Updated Meta-Analysis. J. Mol. Neurosci. 71, 675–690. doi: 10.1007/s12031-020-01696-4

Matricon, J., Bellon, A., Frieling, H., Kebir, O., Le Pen, G., Beuvon, F., et al. (2010). Neuropathological and Reelin Deficiencies in the Hippocampal Formation of Rats Exposed to MAM; Differences and Similarities with Schizophrenia. PloS One 5:e10291. doi: 10.1371/journal.pone.0010291

Matrisciano, F., Tueting, P., Dalal, I., Kadriu, B., Grayson, D. R., Davis, J. M., et al. (2013). Epigenetic Modifications of GABAergic Interneurons Are Associated with the Schizophrenia-like Phenotype Induced by Prenatal Stress in Mice. Neuropharmacology 68, 184–194. doi: 10.1016/j.neuropharm.2012.04.013

Mendrek, A., and Stip, E. (2011). Sexual Dimorphism in Schizophrenia: is There a Need for Gender-Based Protocols? Expert Rev. Neurother. 11, 951–959. doi: 10.1586/ern.11.78

Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G., and Prisma Group. (2009). Preferred Reporting Items for Systematic Reviews and Meta-Analyses: the PRISMA Statement. BMJ 339:b2535. doi: 10.1136/bmj.b2535

Mullen, B. R., Ross, B., Chou, J. W., Khankan, R., Khialeeva, E., Bui, K., et al. (2016). A Complex Interaction Between Reduced Reelin Expression and Prenatal Organophosphate Exposure Alters Neuronal Cell Morphology. ASN Neuro 8:1759091416656253. doi: 10.1177/1759091416656253

Negrón-Oyarzo, I., Lara-Vásquez, A., Palacios-García, I., Fuentealba, P., and Aboitiz, F. (2016). Schizophrenia and Reelin: a Model Based on Prenatal Stress to Study Epigenetics, Brain Development and Behavior. Biological Res. 49:16. doi: 10.1186/s40659-016-0076-5

Notaras, M. J., Vivian, B., Wilson, C., and van den Buuse, M. (2017). Interaction of Reelin and Stress on Immobility in the Forced Swim Test but Not Dopamine-Mediated Locomotor Hyperactivity or Prepulse Inhibition Disruption: relevance to Psychotic and Mood Disorders. Schizophrenia Res. 215, 485–492. doi: 10.1016/j.schres.2017.07.016

Nouel, D., Burt, M., Zhang, Y., Harvey, L., and Boksa, P. (2012). Prenatal Exposure to Bacterial Endotoxin Reduces the Number of GAD67- and Reelin-Immunoreactive Neurons in the Hippocampus of Rat Offspring. Euro. Neuropsychopharmacol. 22, 300–307. doi: 10.1016/j.euroneuro.2011.08.001

Nullmeier, S., Panther, P., Dobrowolny, H., Frotscher, M., Zhao, S., Schwegler, H., et al. (2011). Region-Specific Alteration of GABAergic Markers in the Brain of Heterozygous Reeler Mice. Euro. J. Neurosci. 33, 689–698. doi: 10.1111/j.1460-9568.2010.07563.x

Nullmeier, S., Panther, P., Frotscher, M., Zhao, S., and Schwegler, H. (2014). Alterations in the Hippocampal and Striatal Catecholaminergic Fiber Densities of Heterozygous Reeler Mice. Neuroscience 275, 404–419. doi: 10.1016/j.neuroscience.2014.06.027

Ogino, H., Hisanaga, A., Kohno, T., Kondo, Y., Okumura, K., Kamei, T., et al. (2017). Secreted Metalloproteinase ADAMTS-3 Inactivates Reelin. J. Neurosci. 37, 3181–3191. doi: 10.1523/JNEUROSCI.3632-16.2017

Ouzzani, M., Hammady, H., Fedorowicz, Z., and Elmagarmid, A. (2016). Rayyan—a web and mobile app for systematic reviews. Syst. Rev. 5:210. doi: 10.1186/s13643-016-0384-4

Pahle, J., Muhia, M., Wagener, R. J., Tippmann, A., Bock, H. H., Graw, J., et al. (2020). Selective Inactivation of Reelin in Inhibitory Interneurons Leads to Subtle Changes in the Dentate Gyrus But Leaves Cortical Layering and Behavior Unaffected. Cerebr. Cortex 30, 1688–1707. doi: 10.1093/cercor/bhz196

Palacios-García, I., Lara-Vásquez, A., Montiel, J. F., Díaz-Véliz, G. F., Sepúlveda, H., Utreras, E., et al. (2015). Prenatal Stress Down-Regulates Reelin Expression by Methylation of Its Promoter and Induces Adult Behavioral Impairments in Rats. PloS One 10:e0117680. doi: 10.1371/journal.pone.0117680

Radonjić, N. V., Jakovcevski, I., Bumbaširević, V., and Petronijeviæ, N. D. (2013). Perinatal Phencyclidine Administration Decreases the Density of Cortical Interneurons and Increases the Expression of Neuregulin-1. Psychopharmacology 227, 673–683. doi: 10.1007/s00213-013-2999-7

Ratnayake, U., Quinn, T. A., Castillo-Melendez, M. A., Dickinson, H., and Walker, D. W. (2012). Behaviour and Hippocampus-Specific Changes in Spiny Mouse Neonates after Treatment of the Mother with the Viral-Mimetic Poly I:C at Mid-Pregnancy. Brain Behav. Immun. 26, 1288–1299.

Roberts, B. L., Bennett, B. J., Bennett, C. M., Carroll, J. M., Dalbøge, L. S., Hall, C., et al. (2019). Reelin Is Modulated by Diet-Induced Obesity and Has Direct Actions on Arcuate Proopiomelanocortin Neurons. Mol. Metab. 26, 18–29.

Rogers, J. T., Zhao, L., Trotter, J. H., Rusiana, I., Peters, M. M., Li, Q., et al. (2013). Reelin Supplementation Recovers Sensorimotor Gating, Synaptic Plasticity and Associative Learning Deficits in the Heterozygous Reeler Mouse. J. Psychopharmacol. 27, 386–395. doi: 10.1177/0269881112463468

Romano, E., De Angelis, F., Ulbrich, L., De Jaco, A., Fuso, A., and Laviola, G. (2014). Nicotine Exposure during Adolescence: cognitive Performance and Brain Gene Expression in Adult Heterozygous Reeler Mice. Psychopharmacology 231, 1775–1787. doi: 10.1007/s00213-013-3388-y

Romano, E., Fuso, A., and Laviola, G. (2013). Nicotine Restores Wt-like Levels of Reelin and GAD67 Gene Expression in Brain of Heterozygous Reeler Mice. Neurotoxic. Res. 24, 205–215. doi: 10.1007/s12640-013-9378-3

Ruso-Julve, F., Pombero, A., Pilar-Cuéllar, F., García-Díaz, N., Garcia-Lopez, R., Juncal-Ruiz, M., et al. (2019). Dopaminergic Control of ADAMTS2 Expression through CAMP/CREB and ERK: molecular Effects of Antipsychotics. Transl. Psychiatr. 9:306. doi: 10.1038/s41398-019-0647-7

Sainz, J., Mata, I., Barrera, J., Perez-Iglesias, R., Varela, I., Arranz, M. J., et al. (2013). Inflammatory and Immune Response Genes Have Significantly Altered Expression in Schizophrenia. Mol. Psychiatr. 18, 1056–1057. doi: 10.1038/mp.2012.165

Sakai, K., Shoji, H., Kohno, T., Miyakawa, T., and Hattori, M. (2016). Mice That Lack the C-Terminal Region of Reelin Exhibit Behavioral Abnormalities Related to Neuropsychiatric Disorders. Sci. Rep. 6:28636. doi: 10.1038/srep28636

Sawahata, M., Asano, H., Nagai, T., Ito, N., Kohno, T., Nabeshima, T., et al. (2021). Microinjection of Reelin into the MPFC Prevents MK-801-Induced Recognition Memory Impairment in Mice. Pharmacol. Res. 173:105832. doi: 10.1016/j.phrs.2021.105832

Schroeder, A., Buret, L., Hill, R. A., and van den Buuse, M. (2015). Gene-Environment Interaction of Reelin and Stress in Cognitive Behaviours in Mice: implications for Schizophrenia. Behav. Brain Res. 287, 304–314. doi: 10.1016/j.bbr.2015.03.063

Steeds, H., Carhart-Harris, R. L., and Stone, J. M. (2015). Drug models of schizophrenia. Ther. Adv. Psychopharmacol. 5, 43–58. doi: 10.1177/2045125314557797

Teixeira, C. M., Martín, E. D., Sahún, I., Masachs, N., Pujadas, L., Corvelo, A., et al. (2011). Overexpression of Reelin Prevents the Manifestation of Behavioral Phenotypes Related to Schizophrenia and Bipolar Disorder. Neuropsychopharmacology 36, 2395–2405. doi: 10.1038/npp.2011.153

Tsuneura, Y., Sawahata, M., Itoh, N., Miyajima, R., Mori, D., Kohno, T., et al. (2021). Analysis of Reelin Signaling and Neurodevelopmental Trajectory in Primary Cultured Cortical Neurons with RELN Deletion Identified in Schizophrenia. Neurochemistry International 144:104954. doi: 10.1016/j.neuint.2020.104954

van den Buuse, M., Halley, P., Hill, R., Labots, M., and Martin, S. (2012). Altered N-Methyl-D-Aspartate Receptor Function in Reelin Heterozygous Mice: male-Female Differences and Comparison with Dopaminergic Activity. Prog. Neuro-Psychopharmacol. Biol. Psychiatr. 37, 237–246. doi: 10.1016/j.pnpbp.2012.02.005

Wasser, C. R., and Herz, J. (2017). Reelin: neurodevelopmental Architect and Homeostatic Regulator of Excitatory Synapses. J. Biol. Chem. 292, 1330–1338. doi: 10.1074/jbc.R116.766782

Winship, I. R., Dursun, S. M., Baker, G. B., Balista, P. A., Kandratavicius, L., Maia-de-Oliveira, J. P., et al. (2019). An Overview of Animal Models Related to Schizophrenia. Can. J. Psychiatr. 64, 5–17. doi: 10.1177/0706743718773728

Yamakage, Y., Kato, M., Hongo, A., Ogino, H., Ishii, K., Ishizuka, T., et al. (2019). A Disintegrin and Metalloproteinase with Thrombospondin Motifs 2 Cleaves and Inactivates Reelin in the Postnatal Cerebral Cortex and Hippocampus, but Not in the Cerebellum. Mol. Cellular Neurosci. 100:103401. doi: 10.1016/j.mcn.2019.103401


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Sánchez-Hidalgo, Martín-Cuevas, Crespo-Facorro and Garrido-Torres. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Reelin Alterations, Behavioral Phenotypes, and Brain Anomalies in Schizophrenia: A Systematic Review of Insights From Rodent Models



		HIGHLIGHTS



		INTRODUCTION



		METHOD



		Search Strategy



		Eligibility



		Study Selection



		Data Extraction, Synthesis, and Quality Assessment







		RESULTS



		Data Analysis: Studies Included and Excluded



		Risk of Bias



		Reelin Alteration in Rodent Models of Schizophrenia



		Pharmacological Models



		Phencyclidine



		Exposure to Methylazoxymethanol







		Maternal Immune Activation Models



		Influenza



		Polyinosinic-Polycytidilic Acid



		Lipopolysaccharide







		Stress Models



		Maternal Deprivation



		Social Isolation



		Prenatal Restraint Stress







		Genetic Models



		Heterozygous Reeler Mouse



		Loss of Reelin Function



		A Disintegrin and Metalloproteinase With Thrombospondin Motifs Knock Out



		Very-Low Density Lipoprotein Receptor Overexpression



		Reelin Overexpression















		DISCUSSION



		CONCLUSION AND FUTURE DIRECTIONS



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fnana-16-844737-t004a.jpg
Animal
model

Genetic models HRM

Author Specie
Nullmeier  Mouse
etal., 2011

Teixeira Mouse
etal, 2011

van den Mouse
Buuse

etal, 2012
Romano  Mouse
etal, 2013

Rogers Mouse
etal, 2013

Sex

Male and
female

Male and
female

Male and
female

Male

Male and
female

Age

28-week-old

Not specified

10-12-week-
old

P35

Not specified

Behavior
characterization

Open field, novelty
suppressed feeding,
forced swim test and
PRI

locomotor
hyperactivity, PPI

Locomotion (P35)

Fear conditioning
and PPI

Methods

HRM mouse

HRM mouse

HRM mouse

HRM mouse
injected with
nicotine
(1 mg/kg for
6 days)

HRM mouse
injected with
reelin

Analysis

Immunocytochemistry
(GAD67, PV, TH,
5-HT-T).

Cell count and area
measurement.

Behavioral

characterization with or
without corticosterone,

cocaine sensitization
and PPl with NMDA
antagonist treatment.
Western blot (NMDAr
subunits).

Behavior
characterization.

RT-PCR (reelin, GAD67

and BDNF).
Behavior

characterization and its

responses to nicotine.

Golgi staining and
morphology studies.

Immunohistochemistry

(GAD67).

Brain slices
electrophysiology.
Behavioral
characterization.

Reelin
alteration

Rescue
experiments

Results

50% reelin
expression

Decreased of
GAD67-positive cells in HP
and PV-positive cells in
CA1 and CA2.

Impairment of hippocampal
GABAergic functioning.
50% reelin
expression

No differences between
groups in different analysis.

Increased MK-801-induced
locomotor hyperactivity in
males.

Altered startle reflex caused
by effect of MK-801.
Upregulation of NR1
subunits and
down-regulation of NR2C
subunits in frontal cortex.

50% reelin
expression

50% reelin
expression

Decreased reelin and Nicotine
GADB7 gene expression in

PFC, HP, cerebellum and

striatum.

Hyperactivity in HRM.

Reversion of phenotypes in

HRM treated with nicotine.
Increased BDNF gene

expression of HRM and

HRM treated with nicotine.

50% reelin
expression

Reduced dendritic spine
density and synaptic
plasticity.

Impaired behavior
(associative learning and
memory, PPI) in HRM.
Increased GAD67
expression and altered
dendritic spine morphology
in HRM injected with Reelin.

Reelin injection





OPS/images/fnana-16-844737-t004b.jpg
Hill et al.,
2013

Mouse

Howell and Mouse
Pillai, 2014

Nullmeier ~ Mouse

etal, 2014

Romano Mouse

etal, 2014

Schroeder Mouse

etal., 2015

Male and
female

Not specified

Male

Male

Male and
female

Not specified

E18,
1 month-old,
3-month-old

24-28-week-
old

P37-42

11-week-old

PPI, Y-maze, open
field PFC and HP
volume.

Light/dark test,
openfield, hole-board
test, T-maze.

y- maze, novel object
recognition, social
test and PPI

HRM mouse

HRM mouse
with prenatal
hypoxia (9%
oxygen, 2 h at
E17)

HRM mouse

HRM mouse
with oral
nicotine
stimulation
(10mg/I, from
P37 to P42)

HRM mouse
exposed to
stress
(corticosterone
treatment)

Western blot (BDNF,
TrkB, fosforilated TrkB
and MAPK).

Levels of HIF-1a, VEGF,

VEGFR2/FIk1 and GR
analysis.

Behavioral
characterization.

Tyrosine hydroxylase
(TH)- immunoreactive
and serotonin (5-HT)
fibers in PFC, HP and
striatum.

Immunohistochemistry.

Behavior
characterization.
RT-PCR (Reelin,
GAD67).

Reelin expression in
PFC and HP.
Behavioral
characterization.

Increased BDNF levels in
female HP and decreased
phosphorylated ERK1
levels. Ovariectomy
decreases BDNF
expression in HP.

Anxiety-like behavior in
HRM and wt with hypoxia.
Increased protein levels of
VEGF in HP in HRM and wt
with hypoxia.

Increased protein levels of
GR in Frontal Cortex in
HRM and wt with hypoxia.
Lower corticosterone
serum levels in HRM and
wt with hypoxia.

Increased levels of HIF-1a
and VEGF in the forebrain
in HRM with hypoxia (E18).
Increased GR levels in the
forebrain in HRM with
hypoxia (E18, 3-month-old).
Increased tyrosine
hydroxylase
immunoreactive densities in
HP and decreased in
nucleus accumbens.

Nicotine restores impaired  Nicotine
behavior (exploratory

behavior and poor cognitive
performance).

Reelin and GAD67 mRNA
expression to WT levels in

PFC, HP, cerebellum and

striatum.

Increased reelin expression
in PFC of female HRM
treated with corticosterone.
Impaired spatial memory in
HRM with corticosterone.
Altered PPl in male WT
exposed to corticosterone,
but not in male HRM.

50% reelin
expression

50% reelin
expression

50% reelin
expression

50% reelin
expression

50% reelin
expression





OPS/images/fnana-16-844737-t004c.jpg
Loss of
reelin
function

Mullen Mouse

etal., 2016

Magliaro  Mouse

etal, 2016

Howell and Mouse
Pillai, 2016

Notaras Mouse

etal., 2017

Sakai et al., Mouse
2016

Male

Male and
female

Not specified

Male and
female

Male

P90

2-month-old

6-month-old

11-week-old

11-week-old

PPI, open field and
y-maze.

Methamphetamine-
induced locomotor
hyperactivity, PPI,
y-maze and forced
swim test.

Open field, anxiety
test, three- chamber,
t-maze, Barnes
maze, PPl and fear
conditioning.

HRM mouse
offspring.
Prenatal
infection with
20 mg/kg of
CPO (GD13.5)

HRM mouse

HRM mouse
with prenatal
hypoxia (9%
oxygen, 2 h at
E17)

HRM mouse
with oral
corticosterone
(50 mg/l)

C-terminal
reelin knock in
mouse

Western blot (reelin).
Golgi staining.
Nissl staining.
DAPI staining.

Number of Purkinje
neurons and their
topology in the
cerebellar vermis

Western blot (reelin,
VEGF, Flk1 and GR).
MRI imaging.
Behavioral
characterization.

Behavioral
characterization.

Immunohistochemistry

and western blot.
Behavioral
characterization.
Body weight control.

Decreased full length and
cleaved Reelin protein an
altered cellular complexity
and dendritic spine
organization in CPO exposed
mice.

Reduced reelin expression by
prenatal pesticide exposure
can alter the shape and
connectivity of neurons in
several brain regions.
Reduced Purkinje neurons
density in male and female
HRM mice.

Larger Purkinje neurons
diameter in male HRM than
female.

Chaotic organization of
Purkinje neurons in HRM.

Increased frontal cortex
volume in prenatal hypoxia
mice.

Decreased frontal cortex
volume in HRM with prenatal
hypoxia.

Decreased reelin expression
in frontal cortex in prenatal
hypoxic mice and HRM, and
HP in HRM.

Decreased HIF- 1a levels in
frontal cortex and decreased
serum VEGF in HRM.

Decreased PPI'in HRM.
Increased immobility in forced
swim test and decreased
novel arm preference in
y-maze in HRM with
corticosterone treatment.

Hyperactivity and reduced
anxiety and social behavior.
Impairment of working
memory. Attenuated Reelin
signaling in cortex and HP.
Decreased body weight.

50% reelin
expression

50% reelin
expression

50% reelin
expression

50% reelin
expression

1 reelin
signaling in
cortex and HP





OPS/images/cover.jpg
, frontiers
in Neuroanatomy






OPS/images/fnana-16-844737-t004d.jpg
Pahle et al., Mouse
2020

ADAMTS KO Ogino Mouse
etal., 2017

Yamakage Mouse
etal., 2019

Vidir lwata et al., Rat
overexpression 2012

Reelin Teixeira Mouse
overexpression et al., 2011

HRM, heterozygous reeler mouse; OE, overexpression.

Male

15-week-old

Not specified E18.5

Male and
female

P60

Elevated plus maze,
open field, Morris
water maze.

Reelin knock
out mouse
(inhibitory
interneurons)

ADAMTS3
knock out
mouse

ADAMTS2
knock out
mouse

Immunohistochemistry
(NeuN, Ki67, DCX,
BrdU, GFAP, Nestin,
GAD67, PV, RFPR, CBT,
Sox2, CCK, GFP, and
Calbindin).

ISH (Ndnf, Rgs8, Rorb,
and Etv1).

Western blot (reelin).
Behavioral
characterization.

ISH and
immunohistochemistry
(ADAMTS3 and reelin).
Golgi staining. Western
blot.

QRT-PCR (ADAMTS2
and ADAMTSS3).
ISH (ADAMTS2).

Not specified 2-3-month-old Open field, locomotorOverexpression RT-gPCR and western

Male and
female

>8 week-old

activity, radial maze,

social interaction and transgenic rat

elevated plus maze.

of Vidir in

blot (VIdiIr).
Histology (NeuN).
Behavioral
characterization.

Open field, novelty — Overexpression Behavioral

suppressed feeding,

of reelin in

forced swim test with transgenic

or without
corticosterone,
cocaine sensitization
and PPl with NMDA

antagonist treatment.

mouse

characterization.

Decreased reelin
expression in neocortex
and dentate gyrus.

In dentate gyrus, increased
Cajal Retzius cells number
that express reelin,
increased CB1 expression
and decreased
GFAP-positives astrocytes.
NO DICE NADA DE
COMPORTAMIENTO.

Recombinant ADAMTS3
cleaves Reelin at the N-t
site.

Decreased N-t cleavage of
Reelin in ADAMTS3 KO
mice.

Increased dendritic
branching and elongation in
cortex of conditional

KO mice.

Recombinant ADAMTS2
cleaves Reelin at the N-t
site.

The disintegrin domain is
necessary for the
Reelin-cleaving activity.
ADAMTS?2 is necessary for
the

N-t cleavage and
inactivation of Reelin.
Increased locomotor
activity. Impairment of
spatial working memory.
VIdIr levels involved in
locomotor activity and
memory functions.

Decreased floating time
(forced swim test) with
corticosterone treatment
and reduced sensitization
to cocaine. Reelin prevents
deficits in PPl induced by
NMDA antagonist
treatment.

] reelin
expression in
neocortex and
dentate gyrus

1 reelin
cleavage

1 reelin
cleavage and
reelin levels in
HP

Altered reelin
signaling
(decreased
Dab1 levels in
PFC and
cerebellum)

1 reelin
expression








OPS/images/fnana-16-844737-g001.jpg
Reelin alteration Behavior Brain anomalies

Models

(L) (™

Phencyclidine Maternal deprivation

Methylazoxymethanol Social isolation

acetate PRS

Influenza HRM

Poly (I:C) Loss reelin function

LPS ADAMTS KO
VLDLR-OE
Reelin-OE

Characterization

Behavior

Brain anomalies

= @

Reduced Altered Reduced Altered
expression signaling numberof methylation

Reelin+ cells  pattern

Open field

GAD6ﬁ/ 67+ Neuronal Glia Volume Reversion
den

P







OPS/images/fnana-16-844737-g002.jpg
Identification

Screening

Included

Identifications of new studies via databases and registers

Records identified from:
Databases (n=397)
Registers (n=0)

Records screened (n=292)

A 4

Records removed before screening.
Duplicated records (n=105)

Records marked as ineligible by automation
tools (n=0)

Records removed for other reasons (n=0)

\ 4

v

Reports sought for retrieval
(n=1)

Records excluded (n=248)

v

Reports assessed for eligibility
(n=44)

A 4

Reports not retrieved (n=1)

Total studies included in review
(n=37)

Reports excluded:

Human, cell, non rodents studies (n=49)

Prior to 2010 (n=129)

ECM alterations (not reelin) (n=17)

Genetics studies, other mental disorders (n=32)
Hormones, blood studies (n=28)






OPS/images/logo.jpg
’ frontiers

in Neuroanatomy





OPS/images/fnana-16-844737-t005.jpg
Animal Author Specie Sex Age Behavior Methods Analysis Results Rescue Reelin
model characterization experiments alteration
Other models  Reelin Ishii et al., Mouse Male 6-7-week-old  PPI, novel object Reelin injection Immunohistochemistry Reelin injection prevents Reelin injection Reelin injection
injection 2015a recognition. in lateral (VLDLR, CaMKll and ~ PCP- induced behavioral
ventricle of PV). phenotypes, increases
mouse and Behavioral dendritic spines density
PCP (1 mg/kg) characterization. and synaptic plasticity, and
30 min before improves memory and
behavior test spatial learning.
Ishii et al., Mouse Male P14.5, Y- maze, three Mice with focal In situ hybridation. Impaired spatial working No differences
20156b 7-month-old ~ chamber test (P14.5) heterotopias in Behavioral memory and low
somatosensory characterization. competitive dominant
cortex behavior. Decreased
immediate early gene
expression.
Sawahata Mouse Male 7-9-week-old NOR, PPIl, y-maze.  Reelin injection Immunohistochemistry Reelin injection prevents Reelin injection Reelin injection
etal., 2021 in mMPFC of (c-Fos positive cells in - MK- 801-induced
MK-801 model mPFC). impairment of recognition
(0,15 mg/kg Behavioral memory. No effect of
30 min before  characterization. treatment in sensory-motor
behavior test). gating or short term
memory defects. Reelin
treatment reduced number
of c-Fos positive cells to
control levels in mPFC.
High fat Roberts Mouse Male 12-24-week- Mouse with gPCR and western blot Reduced expression of 4 reelin
diet etal, 2019 old high fat diet (ApoER2 and VLDLR). ApoER2 and VLDLR and expression
(12-16 weeks) ISH (RELN, VLDLR and increased levels of reelin
ApoER?2). protein in hypothalamus.
Reelin Brosda Rat Male P43, p93 PPI, startle reflex, Reelin Western blot (reelin in - Impairment of PP, spatial { reelin
antisense etal., 2011 working memory, antisense mPFC). memory and novel object expression
novel object (knock down) in Behavioral recognition. Selective
recognition, PFC of rats characterization. alteration of mPFC.

locomotor activity.

Low reelin protein
expression






OPS/images/fnana-16-844737-t003.jpg
Animal Author Specie
model
Stress models Maternal  Aksic et al., Rat

deprivation 2021

Social Koetal, Rat

isolation 2016

PRS Matrisciano Mouse
etal, 2013

Palacios-  Rat
Garcia
etal, 2015

Dong et al., Mouse
2016

PRS, prenatal restraint stress.

Sex

Male and
female

Male and
female

Male

Male and
female

Male

Age

P60

3and
7-week-old

P1, p7, p14,
p60

E20, P60

P75

Behavior
characterization

locomotion and PPI

open field, social

behavior, PPl and fear offspring

conditioning

open field, elevated
plus maze, passive
avoidance, Morris
water maze (P60)

open field,
three-chamber (P75)

Methods Analysis

Rat offsprings  Immunohistochemistry
with maternal  (PV and reelin).
deprivation Dell death assay.

from P9 to P10.

Rat offspring  gPCR (monoamines
isolated at P21 and

and mated with schizophrenia-related
social rats. genes in mPFC and
Offsprings of 2 HP).

next generation Behavioral
evaluated. characterization.

Mouse RT-PCR (DNMT1 and
DNMT3a of PFC and
exposed to HP). Western blot
PRS (30 min, 2 (DNMT1, reelin and
times per day, GADG67).

from E7 to E21) Behavioral

characterization.

Rat offspring  Immunohistochemistry

exposed to (reelin and NeuN).

PRS (2 h, 1

time per day).  NeuN-immunoreactive
neurons. Western blot
(reelin, Dab1, CDK5,
PHF-1 and tubuline).
Behavior
characterization.

Mouse Behavior

offspring characterization.

exposed to RT-gPCR (Nse, NeuN).

PRS (45 min, 3 Western blot (DNMT1).
times per day, Methylated DNA

from E7 to E21) immunoprecipitation.
treated with

clozapine

(6 mg/kg, twice

a day for

5 days).

Rescue
experiments

Results

Reduced number of PV
positive interneurons in
CA1 (HP) and PFC.
Reduced number of reelin
positive interneurons in
CA1 and CAS3 (HP), but
unaltered in neocortex.

No differences in cell death.

Impaired PPI in second
generation of rats.
Lower levels of dopamine
and serotonine in mPFC
and HP in the third
generation.

Female isolation rats
presented elevated reelin
gene expression levels in
PFC with respect to
non-isolation rats in the
third generation.

Increased mRNA levels of
DNMT1 and DNMT3a (P1  acid
to p60) in the frontal cortex

and HP.

DNMT overexpression was
associated with a

decreased in reelin protein
expression in frontal cortex.
Hyperactivity and

impairment of social

interaction, prepulse

inhibition and fear

conditioning, corrected with

the administration of

valproic acid or clozapine.
Decreased density of reelin-
positive cells in cortex.

Cell count of reelin- and Decreased reelin protein

and gene expression. 79%
decrease in reelin
immunoreactivity in
prefrontal cortex. Increased
DNA methylation levels of
Reelin promoter.

Increased Dab1 adapter
protein and decreased
phosphorylation of H1
histone.

Excessive spontaneous
locomotor activity, high
anxiety levels and impaired
learning and memory
consolidation.

Clozapine and valproic
acid, but not haloperidol,  acid
correct the behavioral
impairments in PRS mice.
Clozapine and valproic

acid, but not haloperidol,
hypermethylation of

psychiatric disorder-related
genes.

Clozapine treatment

corrected the elevated

DNMT1 protein expression

level and reduced the

DNMT1 binding to reelin
promoter.

Clozapine, Valproic

Clozapine, Valproic

Reelin
alteration

] reelin
positives cells
in HP

4+ reelin gene
expression
levels in PFC

1 reelin
expression in
frontal cortex. |
reelin promoter
methylation

1 reelin
positives cells
in cortex. |
reelin
expression.

1 reelin
promoter
methylation

| reelin
expression in
frontal cortex. 1
reelin promoter
methylation
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Animal Specie Sex Age Behavior Methods Analysis Results Rescue Reelin
model characterization experiments alteration
Pharmacological PCP Rat Male P70 Rat injected Immunohistochemical  Reduced neurons | reelin
models with staining (NeuN, PV, density in CA3 and positives cells
10 mg/kg  calretinin, somatostatin, dentate gyrus and in PFC and HP
at P2, P6, reelin, VGAT). interneuronal
P9, and Western blot (NRG-1).  populations.
P2 Decreased reelin- and
somatostatin- positive
cells PFC and HP.
PCP increased NRG-1
protein expression in
cortex and HP.
MAM Rat Male and  6-month- Rat Immunohistochemistry ~ Reduced entorhinal | reelin
female old exposed at  (NeuN, GFAPR, and cortex volume, HP and methylation in
E17. reelin). mediodorsal thalamus HP

PCR phencyclidine; MAM, methylazoxymethanol.

Morphometric analysis.
Methylation analysis.
RNA expression.

(decreased neuronal
soma).

Laminar disorganization
and neuronal clusters in
entorhinal

cortex.

Reduced reelin
methylation in HP.
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model
Maternal Influenza
immune
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models
Poly(l:C)
LPS

Poly(I:C), polyinosinic:polycytidylic acid; LPS, lipopolysaccharide.

Author  Specie

Fatemi Mouse
etal,
2017

Harvey Mouse
and

Boksa,

2012

Ratnayake Mouse
etal,
2012

Giother ~ Mouse
with the

Viravanoli

etal.,

2014

Ghiani Rat
etal,
2011

Harvey Mouse
and

Boksa,

2012

Nouel Rat
etal.,
2012

Sex

Male

Male and
female

Male and
female

Male

Male and
female

Male and
female

Male

Age Behavior
characterization

PO, P14, P35,

and P56

P28

P1, P100 Open field, novel
object recognition,
elevated plus maze,
rotarod.

P70

E18

P14, P28

P14, P28

Methods Analysis

Mouse Western blot (reelin,
offspring. GABAr, FMRP,
Maternal mGIuR5, GAD65/67,
exposure to and VIdIr) in cerebellum.
HIN1 at E16.

Mouse Immunohistochemistry
offspring. (NeuN, reelin and
Maternal GADG7).

injection of Body weight control.
20 mg/kg at

GD9.

Mouse Immunohistochemistry
offspring. and histology (reelin,
Maternal GFAP, and Ibal).
injection of Behavioral

0,5mg/kg at  characterization.
GD20.

Mouse Immunohistochemistry
offspring. (PV and reelin).
Maternal

injection of

1 mg/kg at

GD9 with

sub-cronic

stress.

Rat offspring Immunohistochemistry

(E18). Maternal and staining.
injection of
200ug at GD15

and GD16.

Mouse Immunohistochemistry
offspring. (NeuN, reelin and
Maternal GADG7).

injection of Body weight control.
0,2 mg/kg at

EQ.

Rat injected Cell count of GAD67-

with 100 ug/kg andreelin-
at E15 and

and GADG7).

immunoreactive
E16. neurons in HP.
Western blot (reelin

Results

Altered FMRP expression
(increased at PO and P14),
VLDLR (decreased at P14,
increased at P35) and
GADB5/67 (increased at
P35). Impaired FMRP,
glutamatergic and reelin
signaling.

Decreased number of
reelin- positive cells in
dorsal stratum oriens.
Increased GAD67
expression in ventral
stratum oriens in females.
Weight gain differences.

Impairment of non-spatial
memory, learning and
motor activity.

Reduced reelin-positive
cells and increased GFAP
expression, and increased
number of activated
microglia in HP.
Decreased number of
GABAergic interneurons in
ventral dentate gyrus
(exposure to Poly(1:C) and
stress).

Stress increases reelin
expression in control
offspring and decreases
reelin expression in the
rodent model (exposure to
Poly(l:C) and stress).

Increased thickness of the
cortical plate.

Abnormal distribution of
immature neuronal markers
and lower expression of
progenitor markers.
Reduced levels of Reelin
and GLAST.

Alteration of neuronal
maturation. Increased.
GFAP levels by 40% after
72h of injection.

Increased neuronal density
at P14. Increased GAD67
expression in ventral
stratum oriens at P28 in
males.

Weight gain differences.
Reduced GAD67-positive
cells in dentate gyrus and
CA1.

Decreased reelin-positives
cells in dentate gyrus and
CA1.

Reelin
alteration

Impaired reelin
signaling

1 reelin
positives cells
in stratum
oriens

| reelin
positives cells
in HP

1 reelin
positives cells
in HP

1 reelin
expression

No significant
differences

] reelin
positives cells
in HP





