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Abstract

:

The effects of second-generation antipsychotics on prenatal neurodevelopment, apoptotic neurodegeneration, and postnatal developmental delays have been poorly investigated. Even at standard doses, the use of quetiapine fumarate (QEPF) in pregnant women might be detrimental to fetal development. We used primary mouse embryonic neurons to evaluate the disruption of morphogenesis and differentiation of ventral midbrain (VM) neurons after exposure to QEPF. The dopaminergic VM neurons were deliberately targeted due to their roles in cognition, motor activity, and behavior. The results revealed that exposure to QEPF during early brain development decreased the effects of the dopaminergic lineage-related genes Tyrosine hydroxylase (Th), Dopamine receptor D1 (Drd1), Dopamine transporter (Dat), LIM homeobox transcription factor 1 alfa (Lmx1a), and Cell adhesion molecule L1 (Chl1), and the senescent dopaminergic gene Pituitary homeobox 3 (Pitx3). In contrast, Brain derived neurotrophic factor (Bdnf) and Nuclear receptor-related 1 (Nurr1) expressions were significantly upregulated. Interestingly, QEPF had variable effects on the development of non-dopaminergic neurons in VM. An optimal dose of QEPF (10 µM) was found to insignificantly affect the viability of neurons isolated from the VM. It also instigated a non-significant reduction in adenosine triphosphate formation in these neuronal populations. Exposure to QEPF during the early stages of brain development could also hinder the formation of VM and their structural phenotypes. These findings could aid therapeutic decision-making when prescribing 2nd generation antipsychotics in pregnant populations.
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1. Introduction


In women of reproductive age, atypical antipsychotics are routinely prescribed to manage bipolar disorder (BD). Between the early 2000s and 2007, prenatal atypical antipsychotic drug use doubled in the United States [1]. Various therapeutic choices exist globally for managing and treating a spectrum of psychotic disorders, including both first- and second-generation antipsychotic drugs [2,3]. The use of antipsychotic drugs during pregnancy remains controversial, mainly due to insufficient data on the exposure and outcomes to make accurate assessments of the risks [4]. There are limited treatment guidelines for pregnant women with newly diagnosed schizophrenia and those accidentally exposed to antipsychotic drugs during early pregnancy [5].



First-generation antipsychotics, such as haloperidol, are known to cause several side effects, such as the “EPS phenomenon” (extrapyramidal symptoms), gait disorders, and reproductive offset, including fetal toxicity, particularly when being used for the long term [6]. Acting primarily on the cell architecture within the central nervous system (CNS), antipsychotic drugs can easily cross the placental exchange barrier and blood–brain barrier as they are hydrophobic drugs with an affinity for brain cells. Consequently, these drugs can negatively impact the developing fetus. A few reports have described the effects of haloperidol on the developing fetal brain, such as altering morphology and changing cell architecture, including causing the loss of functional neuron volume, thereby causing functional alterations in the brain [7,8]. Drug therapy selection, continuation, or discontinuation in pregnant individuals is challenging for healthcare professionals. There is insufficient evidence to support the empirical use of these drugs, and the risk of developmental neurotoxicity has not been weighed against the benefits of therapy. To overcome this imbalance between the benefits of therapy and risks of teratogenic adverse effects, second-generation atypical antipsychotics like risperidone, olanzapine, and quetiapine were approved and soon became the first-line treatment for pregnant women with psychotic illnesses. Although evidence has repeatedly reinforced the superior safety of these newer drugs over their first-generation counterparts, there is no literature to support their use in pregnant populations, considering the risk of fetal toxicity [9].



In a study conducted in the United States (2006–2011), quetiapine fumarate (QEPF) was the most frequently prescribed second-generation antipsychotic during pregnancy [10]. Subsequently, it was found that in women of reproductive age in Denmark (2009–2011), the use of QEPF increased by 83%. A study on pregnant women in Australia (2000–2011) showed a similar trend, with QEPF use increasing thrice [5,11]. Although the Food and Drug Administration (FDA) has approved QEFP for BD and schizophrenia only, it has been widely used in other psychotic disorders, such as insomnia, unipolar depression, and generalized anxiety disorder (GAD) [12]. Pregnant women using atypical antipsychotics could be at risk of fetal abnormalities, although sufficient pharmacological data to support this hypothesis is lacking [13].



Cognition and motor activity are two important brain functions regulated by coordinating dopaminergic neurons in the ventral midbrain (VM). Given the lack of documented evidence on the effects of QEPF on the fetal brain, particularly on dopaminergic VM neurons, this study aimed to inspect whether QEPF affects developmental cues in the VM neurons of embryonic mice. VM neurons have a known role in learning, motivation, reward stimulation, coordination, and movement control, as well as having key roles in motor function and cognition. Disruption of the developmental cues of VM neurons could alter their functions and roles in adult brains. To closely mimic the native brain tissue, we employed a 3D cell culture technique using a tetrameric self-assembling peptide-based scaffold. These peptides create nanofibrous networks that resemble the extracellular matrix (ECM) structure of collagen [14,15]. In previous studies, Tetrameric self-assembling peptides have proven to be suitable scaffolds for developing efficient 3D neuronal models [15,16]. Neurotransmitters and neuromodulators, such as dopamine, are involved in a wide range of cognitive and behavioral functions in the adult brain, such as movement, thinking, and feeling pleasure. Dopamine-based signaling is important for forebrain development and circuit setup [17]. Previous literature has reported the use of quetiapine to raise the levels of noradrenaline and dopamine in the prefrontal cortex and caudate nucleus [18,19]. To our knowledge, this is the first study to investigate the mechanisms by which QEPF exposure affects the growth of isolated VM neurons in mouse embryos.




2. Results


2.1. The Effects of QEPF on the Metabolic Activity of VM Neurons


Neuronal viability in cells treated with QEPF was unchanged compared to that in control cells (Figure 1A), thereby proving that the therapeutic dosage of 10 µM was not harmful to neuronal cells. Furthermore, the metabolic mechanisms of VM neurons were not significantly affected by QEPF (Figure 1B).




2.2. The Effects of QEPF on the Morphogenesis of Dopaminergic VM Neurons


The impact of QEPF on the development of dopaminergic VM neurons, which are positive for tyrosine hydroxylase (TH), was evaluated in labeled cultures. Although total and dominant neurite lengths (Figure 2A,B) were shown to have undergone structural modifications in cells treated with QEFP, there were no discernible variations in the numbers of branches or neurites in QEPF-treated cultures when compared to those in control cultures (Figure 2C,D). These findings suggest that exposure to QEPF did affect neuronal differentiation and morphogenesis, which were subsequently investigated by analyzing gene expression affecting differentiation signals.




2.3. QEPF Does Not Affect the Morphogenesis of Non-Dopaminergic VM Neurons


To ascertain whether QEPF had a general influence on all VM neurons or whether it was restricted to dopaminergic VM neurons, the effects of QEPF on the morphogenesis of non-dopaminergic VM neurons (TH−/TUJ1+) were assessed in labeled cultures. No discernible changes were observed between the control and QEPF-treated cultures in terms of neurite morphology, total neurite length, dominant neurite length, number of branches, or neurite count (Figure 3). According to the aforementioned findings, QEPF does not substantially affect the differentiation and morphogenesis of non-dopaminergic neurons in the VM.




2.4. QEPF Induces Changes in the Expression of Crucial Dopaminergic-Related Genes in VM Neurons


Several early dopaminergic fate-determining genes, including Wnt family member 5A (Wnt5a), Pituitary homeobox 3 (Pitx3), and Tyrosine hydroxylase (Th), have been identified as key regulators of neurogenesis. However, these genes do not govern all the factors involved in dopaminergic VM development [20,21,22]. The gene LIM homeobox transcription factor 1 alfa/beta (Lmx1a/b) is vital for VM neuronal generation [23,24]. A significant decrease was observed in Lmx1a expression in the QEPF-treated cultures (Figure 4A). These transcription factors are unique to the neuronal lineage, control the expression of several downstream genes, and dictate the dopaminergic VM neurons’ morphology, function, and identity [23]. Given that Lmx1a and Lmx1b have been strongly linked to neural development, it is crucial to understand their precise role in preserving dopaminergic VM neurons [25]. Numerous studies have shown that the transcription factors Engrailed Homeobox 1 (En1), Nuclear receptor-related 1 (Nurr1), Pitx3, and Lmx1a play a major role in the early stages of dopaminergic VM neuron formation and are responsible for maintaining the phenotype of adult neurons [26]. Similarly, previous studies have described that Lmx1a triggers Th activation and enables normal function as mature neurons [27]. In the QEPF-treated cultures, a significant difference was observed in the downregulation of the expression of Lmx1a (Figure 4A), Pitx3 (Figure 4D), Th (Figure 4E), Cell adhesion molecule L1 (Chl1) (Figure 4F), Dopamine transporter (Dat) (Figure 4G) and Dopamine receptor D1 (Drd1) (Figure 4H). In contrast, Nurr1 (Figure 4B) and Brain derived neurotrophic factor (Bdnf) (Figure 4I) were significantly upregulated by treatment with QEPF. The expression of En1 did not change significantly (Figure 4C). Interestingly, the expression of Pitx3 was affected by exposure to QEPF, which could ultimately alter the early maturation potential of dopaminergic VM neurons. Recent studies have revealed that many genes are critical for the normal development of dopaminergic VM, including Chl1 (close homolog to L1) [27,28]. In this investigation, it was clear that Chl1 expression in QEPF-treated cultures differed considerably from that in the control cultures (Figure 4F). The proper development of dopaminergic VM neurons may be adversely affected by changes in the expression of the critical genes indicated above.





3. Discussion


In the early developmental stages of the brain, the complex signal interplay between the processes of differentiation (specialization) and proliferation (multiplication) tightly governs the size of each developing neuronal cell in the CNS. The ultimate role of VM neurons is determined by the complex signal interplay between the actions of the intrinsic and extrinsic factors. Neurons can respond to an unlimited number of signals, establishing their neuronal connectivity to regulate and operate efficiently within the ongoing cell cycle. Therefore, neurons enter the resting phase of the cell cycle (Go) and become fixed to their ultimate differentiated state and role. These complex cellular events have been studied in both the late and early developmental stages of VM neurons. The dopaminergic VM neuronal population is crucial for proper brain functioning and the development of three vital aspects: behavior, cognition, and motor activity [29]. The present study demonstrated that QEPF at a therapeutic dose of 10 µM had no direct influence on neuronal survival or ATP levels in VM neurons. This study also showed that exposure to QEPF interferes with morphogenesis and structure building in dopaminergic VM neurons during the early stages of neuronal development. This study can influence clinical decision-making regarding the therapeutic use of QEPF in pregnancy. The transcription factors encoded by the genes Nurr1, Drd1, Th, Bdnf, Pitx3, Dat, Chl1, and Lmx1a, are essential for maintaining regional identity in the midbrain and QEPF significantly altering the expression of each of these genes by either up- or down-regulating their expression. These preliminary findings suggest that future investigations are warranted to confirm the safety of QEPF in pregnancy.



Quetiapine is extensively prescribed for treating and managing schizophrenia, bipolar disorder (BD) (acute episodes and manic states), and depression associated with BD. The indications of quetiapine may also extend to the management and treatment of Alzheimer’s disease, panic attacks, and attention-deficit/hyperactivity disorder (ADHD) [3,30,31,32]. This drug has an exceptional receptor-binding profile and regulates many genes implicated in controlling neuronal cell fate [33]. The effects of QEPF are the opposite of those of the adrenergic, histaminergic, dopaminergic, and serotonergic receptors. Three serotonergic receptors are firmly bound by quetiapine, although dopamine (D1 and D2) and adrenergic receptors only make slight contact [7,34]. Serotonin influences the development of dopamine neurons, and this might be a mechanism to explain the impact of QEPF [35]. Likewise, a more comprehensive analysis of QEPF effects on gene transcription in adult cortical neurons has also been reported [36]. The probability of prenatal quetiapine exposure causing histopathological abnormalities in the embryonic brain remains unknown. An extensive review of the literature on this subject indicates that data on pregnant women’s reactions to QEPF and the development of neurotoxic symptoms in developing fetuses are currently the least well-documented [3]. The one exception was a single study that found the long-term effects of QEPF on neurobehavioral mechanism changes were essentially negligible in young adult mice and their progeny [37]. Therefore, further research is required before QEPF may be regularly prescribed for use during pregnancy to better evaluate safety in pregnant women and its effects on the health of the fetus. This study examined how prenatal exposure to QEPF affects the development and differentiation of dopaminergic VM neurons, which are crucial for controlling emotions, reward systems, drug addiction, voluntary movements, and cognition [38]. QEPF therapy did not affect the viability of VM neurons. Additionally, we observed that a dose of 10 µM QEPF did not disrupt the metabolic activity of VM neurons. This suggests that the medication might not be cytotoxic at a therapeutic dosage (10 µM).



A previous study indicated that antipsychotic drug treatment during pregnancy remains controversial, mainly due to the lack of outcome-based data that would permit a comprehensive risk-benefit assessment [4]. As a result, current treatment guidelines are limited in their applicability to physicians selecting a starting therapy for pregnant women with schizophrenia and physicians’ ability to assess and counsel on accidental exposure to such drugs during pregnancy [4].



We also examined how QEPF affected the structure of dopaminergic VM neurons and discovered that, while the numbers and branching of the neurites were not considerably changed, the lengths of the total and dominant neurites drastically increased following QEPF treatment. In contrast, a different outcome was observed in non-dopaminergic VM neurons, where QEPF did not significantly change the length, branching, or quantity of neurites. Recent transcriptional studies have shown that several genes and factors unique to a particular lineage, including Pitx3, En1, Nurr1, Lmx1b, Th, and Lmx1a, are involved in developing and preserving the functional archetype of dopaminergic VM neurons. [27,39,40]. According to a previous study, Lmx1a remains present in mitotic residual precursors and actively specialized neurons in postnatal life, with actual functional value [23]. The gene Lmx1a signals and activates Nurr1 [25], which in turn signals and activates the Th gene, further promoting dopaminergic VM neuron expansion [27,41]. Building on this foundation, we investigated how QEPF affected these genes to determine whether it may modify their expression and alter how dopaminergic VM neurons differentiate. The gene expression levels of Drd1, Chl1, Th, Pitx3, Dat, and Lmx1a were dramatically reduced by QEPF treatment, whereas En1 expression level was not significantly different. These findings suggest that QEPF decreases the expression of the Lmx1a/Pitx3/Th/Dat pathway involved in neuronal expansion. In a previous study, QEPF was shown to possess a moderate affinity for serotonin receptor subtype 5HT2A and alpha-1 adrenergic receptor (α1), amongst other receptors. Furthermore, QEPF has a slight affinity for 5HT1A and dopamine D2 receptors and a lower affinity for alpha-2 adrenergic receptors (α2), 5HT2C, and dopamine D1 receptors [42]. The downregulation of Th and Dat, shown in this study, could be due to the downregulation of Lmx1a, which was shown previously to regulate the differentiation of VM dopaminergic neurons and dopamine transporter [43,44]. Moreover, the downregulation of Drd1 induced by QEPF might lead to functional disruption and abnormal innervations of VM dopaminergic projections.



Likewise, brain-derived neurotrophic factor (BDNF) is an important growth factor for VM neurons, playing a critical role in remyelination, reversal of neuronal damage, and survival [45]. This study observed that the expression levels of Bdnf and Nurr1 were upregulated significantly upon exposure to QEPF compared to that of the control culture. These findings are similar to a previous study that highlighted the probable mechanism for the efficacy of QEPF in animal models of demyelination through regulating the expression of Bdnf and other neurotrophic factors. [46]. Another study concluded that quetiapine regulates the expression of several neurotrophic factors involved in neurogenesis. For instance, it was observed in two studies that QEPF significantly increases BDNF expression levels in the dentate gyri of normal rats and stops decreased BDNF expression in the hippocampus and neocortex of rats, which is provoked by stress-induced immobilization [47,48]. It has also been reported that QEPF treatment inhibits the decrease in BDNF and basic fibroblast growth factor FGF transcription induced by the investigational N-methyl-D-aspartate (NMDA) antagonist MK-801 [49]. Additionally, QEPF prevents the decreased expression of synaptic proteins and BDNF in rat hippocampal neuron cultures under toxic stress conditions induced by a lack of B27 [50].



Overall, the RT-PCR data presented indicates that genes essential for defining the identity of dopamine neurons (Lmx1a, Th, Drd1, Pitx3, DAT, Chl1) are downregulated by QEPF, but Nurr1 and Bdnf (a general driver of neurogenesis) is upregulated. Thus, QEPF may increase neurite outgrowth (likely via Bdnf) but impair the differentiation of these cells into functional dopamine-producing neurons. In addition to Bdnf, the upregulation of Nurr1 reported here could also contribute to the elongation of neurites induced by QEPF. Previous studies showed that Nurr1 is involved in axon genesis in VM dopaminergic neurons [51,52,53]. Moreover, it was demonstrated that Nurr1 regulates the expression of Bdnf in VM dopaminergic neurons [54].



The current study suggests that the upregulation of Nurr1/Bdnf causes an increase in the neurite lengths of VM dopaminergic neurons in response to exposure to QEPF. Ultimately, the findings of this study reinforce and largely corroborate the results of previous studies.




4. Materials and Methods


4.1. Isolation of Primary Mouse Embryonic VM Dopaminergic Neurons


The Ethics Committee approved the study of King Abdulaziz University (7-CEGMR-Bioeth). All experiments have been conducted in accordance with the international standards of animal use for experimentation and research. Figure 5 shows the detailed experimental design.



Time-mated albino mice were used to collect embryos at the animal house facility of King Fahad Medical Research Centre in Saudi Arabia. The animals were bred overnight and observed the next morning. Embryonic day (E) 0.5 was recorded upon observation of a vaginal plug. In chilled L15 media (ThermoFisher, Waltham, MA, USA), the VM of mouse embryos at E12.5 was excised (n = 169 mouse embryos). The border between the telencephalon, mesencephalon, and isthmic organizer was cut to separate the midbrain and most of the cortical tissues. Tissue from the third VM was removed to increase the number of dopaminergic cells in the culture. Hank’s Balanced Salt Solution (HBSS; ThermoFisher Scientific), which is Ca/Mg-free, was diluted with 0.1% DNase (Stem Cell Technologies, Cambridge, MA, USA) and applied for 15 min at 37 °C to separate VMs. The tissues were thoroughly washed three more times in HBSS medium before being re-incubated with N2 medium containing 1 mg/mL bovine serum albumin and a mixture of F12 medium, and Minimum Essential medium with 1 mM glutamine, 1% penicillin/streptomycin, 15 mM HEPES, 6 mg/mL glucose, and 1% N2 supplement (all N2 media components from ThermoFisher Scientific). The in vitro growth of primary neurons was allowed for three days before the experiment, depending on the experiment length (shown in the following text).




4.2. Three-Dimensional Neuronal Cell Culture and QEPF Treatment


To imitate normal in vivo development, we selected a three-dimensional (3D) in vitro cell culture system for our experiments. The 3D cultures created in our study were used to test morphogenesis, viability, and adenosine triphosphate (ATP) release in cells and to subsequently perform quantitative PCR. E12.5 primary mouse embryonic VM neurons were plated in 96-well cell culture plates with 6 × 104 cells per well for 3D cultures. We used a rationally designed nonaromatic tetra-peptide amphiphile, Ac-Ac-Ile-Ile-Cha-Lys-NH2 (IIZK), to create 3D cultures according to a previous report. [55]. Dulbecco’s phosphate-buffered saline (DPBS) was used to prepare 1 mg/mL of IIZK- based hydrogels. Previously, this peptide was found to form a stable hydrogel at this concentration in less than seven minutes [16]. Half of the required final volume of nuclease-free sterile water was first used to resuspend the weighed IIZK peptide. Upon addition of DPBS solution, the peptide forms a stable hydrogel that can be used as a scaffold within which the VM neurons can be encapsulated. An appropriate volume of the previously resuspended peptide in water and an equal proportion of 2× DPBS was added to the culture well. A peptide base was applied to each well to prevent the cells from coming into contact with the plastic surface. The plates were incubated for five minutes at 37 °C and 5% CO2 to ensure complete gelation. A 3D construct was created on the previously formed cell-free peptide base. The required number of cells was added to 2× DPBS in an equivalent volume along with the peptides, which were then quickly mixed. The plates were incubated again for two to three minutes, and then N2 medium was added to the culture plates. The cells were incubated at 37 °C under 5% CO2 for 72 h. QEPF (Sigma, Ronkonkoma, NY, USA) was dissolved in sterile 1× PBS in accordance with the manufacturer’s instructions. After cell seeding, a group of cells was treated with 10 µM QEPF by adding the required volume of the drug into the media within the wells, whereas the control group received an equivalent volume of sterile 1 × PBS. We have determined the dose used here based on the range of plasma and serum concentrations demonstrated in previous studies [42,56,57].




4.3. VM Neuronal Viability and ATP Release Assessment


It is crucial to assess how a drug affects the metabolic activity and viability of target cells. After three days of culture, we exposed VM neurons to QEPF to measure their survival and ATP release. We determined the viability of VM neurons in untreated and QEPF-treated cells using alamarBlue™ Cell Viability Reagent (ThermoFisher Scientific, Waltham, MA, USA) as per the manufacturer’s instructions. A PHERAstar FS plate reader (BMG LabTech, Ortenberg, Germany) was used to measure fluorescence after the well plates were prepared. ATP release was measured as a marker of the metabolic activity of cells using the CellTiter-Glo® 3D cell viability assay (Promega, Madison, WI, USA). The 3D construct comprised of the cells and hydrogel was thoroughly mixed by pipetting up and down ten times after CellTiter-Glo® Reagent was introduced in an amount similar to the cell culture medium. A PHERAstar FS plate reader (BMG LabTech, Ortenberg, Germany) was used to scan the plates after 25 min of incubation at room temperature to detect the existence of a strong signal. Three wells from each experiment (seven biological replicates for viability and three for ATP release) were analyzed.




4.4. Immunocytochemistry


Mouse embryonic VM neurons were maintained after three days in culture using 4% paraformaldehyde (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and stored at 4 °C in 1 × PBS until staining was completed. Primary antibodies were used to target the enzymes tyrosine hydroxylase (TH) (Cambridge, UK) (ab112) and mouse neuron-specific class III beta-tubulin (TUJ1) (G7121; Promega, Madison, WI, USA). Using the following dilutions, primary antibodies were treated with fixed antibodies—TUJ1 (1:1500) and TH (1:500) in blocking buffer (5% goat serum, 0.3% Triton-X, and 0.2% sodium azide)—overnight at room temperature. The cells were treated with a blocking solution for 1 h at room temperature after removing the primary antibodies. Anti-mouse Alexa 488 and goat anti-rabbit IgG H&L (Alexa Fluor® 555) were added immediately. The secondary antibodies were incubated for 2 h at room temperature after dilution in blocking buffer (1:200). The wells were then cleaned and maintained in 1× PBS, and the cells were treated for five minutes with 4′,6-diamidino-2-phenylindole (DAPI) (D1306; ThermoFisher Scientific, Waltham, MA, USA) and diluted in 1× PBS. Images were obtained using a DMi8 inverted fluorescence microscope (Leica, Wetzlar, Germany).




4.5. Morphogenetic Analysis


Administering drugs to neurons while they are still developing may alter their morphogenesis, altering how they connect to their target endogenous ligands in the brain. The effects of QEPF on the growth of VM neurons were assessed in labeled cultures. Analyses of neurite quantity, total neurite length, dominant neurite length, and branch count were performed [28] using the LAS X software (Leica, Wetzlar, Germany). Ten neurons were analyzed in each well (a total of three wells per biological replicate). To avoid research bias, overlapping neurites and those shorter than 20 µm were excluded from the study. Data from the QEPF-treated cultures were normalized to those from the control group. The outcomes were then displayed as a percentage deviation from the control, which was interpreted as a deviation of 100%. The experiment (biological replicates) was repeated four times for dopaminergic VM neurons and six times for non-dopaminergic VM neurons.




4.6. Quantitative PCR


The primary developmental process that produces functional adult neurons is neuronal differentiation. It is crucial to assess how a drug affects the ability of target cells to differentiate. The expression of essential genes crucial to the development of this neuronal cell population was examined using an evaluation tool. RNA was extracted after three days of culture using the RNeasy Plus Universal Mini Kit (Cat No. 73404; Qiagen, Hilden, Germany), according to the manufacturer’s instructions. TissueLyser II (Qiagen, Hilden, Germany) was used to homogenize the cells efficiently, according to the RNeasy kit protocol. RNA was isolated from the control and QEPF-treated VM neurons. RNA isolated from tissues other than the brain was used as a negative control. Primer sequences for the selected genes are listed in Table 1.



The Real-Time PCR (RT-PCR) StepOne System and Data Assist software were used to generate raw cycle threshold (CT) data for the housekeeping/reference genes (glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and β-actin) and target genes (tyrosine hydroxylase; Th, nuclear receptor 4A2; Nurr1, LIM homeobox transcription factor 1 alpha; Lmx1a, engrailed homeobox 1; En1, pituitary homeobox 3; Pitx3, dopamine receptor D2; Drd2, and brain-derived neurotrophic factor; Bdnf) in triplicate for both the experimental and negative control groups. The relative gene expression levels were calculated using two reference genes described previously [58]. To assess the expression of target genes under various experimental conditions, fold change (log2FC) was used. log2FC values for each gene in all samples from all groups were compared, and p-values were computed to determine whether the genes were substantially expressed. Three wells from each experiment (three biological replicates) were analyzed.




4.7. Statistical Analysis


The data are presented as mean ± SEM and compared using Student’s t-test by means of GraphPad Prism v 8.1.2 software, with the level of statistical significance set at p < 0.05.





5. Conclusions


This study aimed to demonstrate the effects of QEPF treatment on dopaminergic VM neurons, which regulate several cognitive and neurobehavioral processes. We examined the mechanisms by which QEPF exposure during pregnancy affects the formation of primary mouse embryonic VM neurons. According to our findings, QEPF exposure interfered with neuron formation and the structural framework of dopaminergic VM neurons during neurodevelopment. In addition, the effect of QEPF on the expression of numerous genes related to the structural development of dopaminergic VM neurons was investigated. The function of adult dopaminergic VM neurons may be altered due to these effects. These findings are encouraging in determining the safety of QEPF during pregnancy and may be crucial in helping clinicians make antipsychotic medication prescribing choices for pregnant individuals. Further studies on cell functioning and in vivo effects of QEPF on dopaminergic VM neurons should be conducted in the future.
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Figure 1. Quetiapine Fumarate (QEPF) did not significantly affect the viability (A) and ATP release (B) of VM neurons. Data expressed as mean ± SEM, n = 3 technical replicates, 7 biological replicates (Viability), and 3 biological replicates (ATP release). 
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Figure 2. Quetiapine fumarate (QEPF) effects on length of neurites (A), dominant neurite length (B), number of branches (C), and number of neurites (D). Representative images and illustrations for dopaminergic VM neurons immunolabeled with TH in both groups: control (E,E’) and QEPF-treated (F,F’) show the increase in neurites elongation in response to QEPF exposure. Data are represented as the mean ± SEM (n = 3 technical replicates, 4 biological replicates). * p < 0.05. 
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Figure 3. QEPF exposure did not affect the morphology of non-dopaminergic VM neurons (A–D). Representative images and illustrations for non-dopaminergic VM neurons immunolabeled with TUJ1 in both groups: control (E,E’) and QEPF-treated (F,F’) show no significant differences between groups. Data expressed as mean ± SEM, n = 3 technical replicates, 6 biological replicates. 
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Figure 4. QEPF exposure caused a significant change in the expression of various dopaminergic VM-related genes. The expressions of Lmx1a (A), Nurr1 (B), Pitx3 (D), Th (E), Chl1 (F), Dat (G), Drd1 (H), and Bdnf (I) were altered by the exposure to QEPF. However, the expression of En1 (C) was not affected by QEPF exposure. Data are represented as mean ± SEM, n = 3 technical replicates, 3 biological replicates. * p < 0.05, ** p < 0.01. 
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Figure 5. Flowchart depicting the experimental design of this study. VM (Ventral midbrain), RT-PCR (Real-Time PCR), ATP (Adenosine triphosphate). 
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Table 1. Gene-specific primer pair sequences used in the RT–PCR.
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Gene Name

	
Primer Sequence (5′ to 3′)






	
Gapdh

	
Forward-primer:

Reverse-primer:

	
TGA AGG TCG GAG TCA ACG GA

CCA ATT GAT GAC AAG CTT CCC G




	
β-actin

	
Forward-primer:

Reverse-primer

	
GATTACTGCTCTGGCTCCTAGC

GACTCATCGTACTCCTGCTTGC




	
Th

	
Forward-primer:

Reverse-primer:

	
TGA AGG AAC GGA CTG GCT TC

GAG TGC ATA GGT GAG GAG GC




	
Nurr1

	
Forward-primer:

Reverse-primer:

	
GAC CAG GAC CTG CTT TTT GA

ACC CCA TTG CAA AAG ATG AG




	
Lmx1a

	
Forward-primer:

Reverse-primer:

	
GAG ACC ACC TGC TTC TAC CG

GCA CGC ATG ACA AAC TCA TT




	
En1

	
Forward-primer:

Reverse-primer:

	
TCA CAG CAA CCC CTA GTG TG

CGC TTG TCT TCC TTC TCG TT




	
Pitx3

	
Forward-primer:

Reverse-primer:

	
CAT GGA GTT TGG GCT GCT TG

CCT TCT CCG AGT CAC TGT GC




	
Chl1

	
Forward-primer:

Reverse-primer:

	
TGG AAT TGC CAT TAT GTG GA

CAC CTG CAC GTA TGA CTG CT




	
Dat

	
Forward-primer:

Reverse-primer:

	
TTG CAG CTG GCA CAT CTA TC

ATG CTG ACC ACG ACC ACA TA




	
Drd1

	
Forward-primer:

Reverse-primer:

	
CTC AAC AAC ACA GAC CAG AAT

GAA CGA GAC GAT GGA GGA




	
Bdnf

	
Forward-primer:

Reverse-primer:

	
ACT ATG GTT ATT TCA TAC TTC GGT T

CCA TTC ACG CTC TCC AGA
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