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Abstract

:

Bisphenol A (BPA) is considered as one of the most extensively synthesized and used chemicals for industrial and consumer products. Previous investigations have established that exposure to BPA has been linked to developmental, reproductive, cardiovascular, immune, and metabolic effects. Several jurisdictions have imposed restrictions and/or have banned the use of BPA in packaging material and other consumer goods. Hence, manufacturers have replaced BPA with its analogues that have a similar chemical structure. Some of these analogues have shown similar endocrine effects as BPA, while others have not been assessed. In this investigation, we compared the neurodevelopmental effects of BPA and its major replacement Bisphenol F (BPF) on rat fetal neural stem cells (rNSCs). rNSCs were exposed to cell-specific differentiation media with non-cytotoxic doses of BPA or BPF at the range of 0.05 µM to 100 µM concentrations and measured the degree of cell proliferation, differentiation, and morphometric parameters. Both of these compounds increased cell proliferation and impacted the differentiation rates of oligodendrocytes and neurons, in a concentration-dependent manner. Further, there were concentration-dependent decreases in the maturation of oligodendrocytes and neurons, with a concomitant increase in immature oligodendrocytes and neurons. In contrast, neither BPA nor BPF had any overall effect on cellular proliferation or the cytotoxicity of astrocytes. However, there was a concentration-dependent increase in astrocyte differentiation and morphological changes. Morphometric analysis for the astrocytes, oligodendrocytes, and neurons showed a reduction in the arborization. These data show that fetal rNSCs exposed to either BPA or BPF lead to comparable changes in the cellular differentiation, proliferation, and arborization processes.
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1. Introduction


Bisphenol A (BPA) is among the 800 chemicals known or suspected to have endocrine-disrupting properties [1,2,3]. It has been used by industry for the synthesis of various polymers, including epoxy resins, polycarbonate, and certain plastics [4,5,6,7]. Human exposure to BPA occurs through multiple sources including food packaging, dust, dental materials, healthcare equipment, thermal paper, and toys and related articles for infants and children [8,9,10].



Clinical, epidemiologic, and experimental data show that exposure to BPA may be linked to adverse health concerns, including neurodevelopment disorders, obesity, cardiovascular disease, reproductive disorders, behavioral effects, diabetes, chronic respiratory failure, kidney disease, and carcinogenesis [11,12,13,14,15,16]. Studies have shown that BPA can cross the placenta and may lead to effects on fetal development after early life exposure [17]. Based on these potential adverse health effects, several jurisdictions (including Health Canada, ESFA, FAO/WHO, 2011; FDA, 2013) have regulated the production, the usage, and the importation of BPA for selected products including food contact material and articles, baby bottles, sippy cups, and infant formula packaging [18,19,20]. Hence, manufacturers have introduced the usage of BPA analogues such as BPAF, BPAP, BPB, BPE, BPF, and BPP into the market [21]. BPB (2,2-bis(4-hydroxyphenylbutane) and BPF are being used for the manufacturing of polycarbonates and epoxy resins [22,23,24]. Although the data available are limited on the occurrence of these bisphenol analogues in foods and human body fluids and tissues, various analogues have been detected in the environment, wildlife, foods or food packaging materials, consumer products, personal care products, and indoor house dust [20,24,25,26,27,28,29,30,31]. Worldwide biomonitoring studies have detected some of these analogues (BPAF, BPB, BPF, BPS) in the serum, breast milk, umbilical cord blood, and urine [22,32,33,34,35,36,37,38]. Although BPA was the most dominant bisphenol in different matrices, some analogues were found in equal or in greater amounts than BPA in some environmental and food samples, which most likely reflects a shift from BPA to other substitutes in some applications [39]. The role of BPA exposure on cellular differentiation and development processes is well documented; however, the effects of some of these analogues, on the differentiation and/or development processes are unknown [40,41,42,43,44]. In vitro studies have shown that some of the BPA analogues have similar or even greater endocrine disruptive activity than BPA [21,45]. Based on these findings, it is important to resolve whether exposure to these BPA analogues, especially during the embryonic period, contributes to comparable neurodevelopmental effects.



BPF is currently one of the analogues that is increasingly used as a replacement for BPA in the synthesis of polymers required for the production of microwave dishes, baby bottles, artificial organs, dialyzers, coatings, etc. Additionally, it’s a raw material in the production of many products such as developers for heat-sensitive paper, fire retardants, intermediates for colorants, pharmaceuticals, pesticides, etc. [39]. Preliminary evidence indicates that BPF may have a longer duration for elimination and similar estrogenic activity within the body compared to BPA. In addition, BPF has been detected in human bodily fluids and tissues [40,41,42,43,44]. Compared to BPA, there is limited data for the development effects of BPF. Although there are other BPF derivatives such as tetramethyl bisphenol F, tetramethyl bisphenol F diglycidyl ether, and tetramethyl bisphenol F epoxy resin, only BPF was widely detected in human tissues and body fluids such as in serum, breast milk, umbilical cord blood, and urine [35,36,37,38]. Therefore, it is imperative to investigate the potential effects of BPF on neural stem cell differentiation processes and how it may contribute to developmental neurotoxicity. In this study, we compared the effects of non-cytotoxic doses of BPA and BPF on the rNSCs cellular proliferation and differentiation processes including arborization using a monolayer-based system, as previously described [46]. Sholl analysis [47] has previously been used to quantify the arborization for neurons [48,49,50,51,52,53,54,55,56], astrocytes [5,57,58,59,60,61], and oligodendrocytes [48,62,63,64,65]. Briefly, it creates a series of circles with increasing radii centered on the soma and measures the number of time dendrites or cellular process intersects in each circle and plotted as a function of radial distance from the cell soma [47,48,51]. It quantifies branching complexity dendritic or cellular process arbor [55,56,57,64,65] and hence microcircuit structure [51,56,66,67]. We used Fiji-ImageJ [68] software for the Sholl analysis [47,69].




2. Materials and Methods


2.1. Reagents


Preparation of reagents, handling, and discarding of toxicological and bio-hazardous materials were carried out as recommended by Health Canada’s laboratory safety regulations. Both BPA and BPF were obtained from Sigma-Aldrich, (St. Louis, MO, USA) and a 1 mM stock solution of each was prepared in sterile water and frozen at −20 °C until use. BPA or BPF working dilutions were prepared by diluting stock solution with the relevant differentiation medium. T3 (Thyroxine; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 1N of NaOH and an aliquot was mixed with sterile culture medium to prepare 20 µg/mL stock solution and frozen at −20 °C until use. Fetal rNSC (Gibco, Life Technologies Corporation, Frederick, MD, USA) and Lab-Tek chamber slide systems (Thermo Fisher Scientific, Waltham, MA, USA) were used throughout as in our previous study for culturing and immunofluorescence staining [46].



The primary antibodies that were used included Anti-Nestin (Abcam, Cambridge, MA, USA), Anti-Glial Fibrillary-Acidic-Protein (GFAP, Abcam), Anti-A2B5 (Abcam), Anti-Galactocerebroside clone-mGalc (Galc, Millipore, MilliporeSigma, Burlington, MA, USA), Microtubule-Associated-Protein2 (MAP2) clone-M13 monoclonal (Invitrogen, Life Technologies Corporation, Carlsbad, CA, USA), MAP2 clone-AP18 (monoclonal, Invitrogen), and Doublecortin (monoclonal, Invitrogen). These primary antibodies were used to detect protein-markers specific to neural stem cells, astrocytes, oligodendrocytes, and neurons, respectively [46].



Several different secondary antibodies were used to attach fluorophore to the primary antibody-protein-marker complex. These included: (a) Goat-Anti-Mouse-IgG-H&L Alexa Fluor-488 (Abcam) was used to detect the Anti-Nestin, Anti-A2B5, MAP2 clone M13 antibodies; (b) The Goat-anti-Mouse-IgG-(H+L)-Alexa Fluor Plus-647 (Invitrogen) was used to detect Doublecortin monoclonal antibody; (c) Goat-Anti-Rabbit-IgG-H&L Alexa Fluor-488 (Abcam) was used to detect Anti-GFAP antibody; and (d) Mouse-IgG (H+L)-cross-adsorbed Alexa Fluor-594 (Invitrogen) was used to detect Anti-Galactocerebroside-clone-mGalc antibody, and MAP2 clone-AP18 monoclonal antibody. 5% Goat serum was used to prepare working solution of all the primary and secondary antibodies [46].




2.2. Cell Culture


Propagation of rNSCs


For the propagation of rNSC, the culture medium (complete StemPro NSC SFM) was similar to the one used in our earlier publication [46]. It is composed of recombinant human Fibroblast Growth Factor basic (FGFb, 20 ng/mL, Gibco, Life Technologies Corporation, Carlsbad, CA, USA ), recombinant human Epidermal Growth Factor (EGF, 20 ng/mL, Gibco, Life Technologies Corporation, Carlsbad, CA, USA), Glutamax (2 mM 100×), and StemPro Neural Supplement (2% in 1× KnockOut D-MEM/F-12 medium, Gibco, Life Technologies Corporation, Carlsbad, CA, USA). T75 culture flask was coated with 15 mL of Poly-L-ornithine (20 μg/mL, Sigma, Burlington, MA, USA) and incubated overnight at room temperature (RT), rinsed twice with D-PBS (in the absence of Ca2+ and Mg2+ and used for the rNSC propagations. Multipotent fetal rNSC (Gibco) were subjected to 3-types of the directed-differentiation process to obtained astrocytes, neurons, and oligodendrocytes. The rNSCs were cultured (2 × 106 cells) in the stem cell growth medium in the incubator at 37 °C, 5% CO2, and 90% humidity. The following day, the medium was replaced with a pre-warmed stem cell growth medium. The growth medium was changed with a fresh growth medium every 2–3 days, and the cells were passaged when confluency reached 75–90%. Passage number 3 rNSCs (P3) were used for the differentiation experiments [46].





2.3. rNSC Monolayer Model for Directed-Differentiation to Generate Astrocytes, Neurons, and Oligodendrocytes


2.3.1. Coating Chamber Slides for 3-Types of Directed-Differentiation Processes


For directed-differentiation of rNSCs into neurons and oligodendrocytes, Poly L-ornithine and Laminin (Gibco, Life Technologies Corporation, Frederick, MD, USA were used successively for double coating the chamber slides. Initially, the surface coating was done with Poly l-ornithine (40 μg/mL, Sigma) and allowed to incubate overnight at room temperature in the laminar flow and then washed twice with sterile water and air-dried. Subsequently, chamber slides were coated second time with Laminin (10 μg/mL, Gibco), and allowed to incubate for 2 h at 37 °C and then rinsed with D-PBS (in the absence of Ca2+ and Mg2+). For the astrocytes directed-differentiation process, the chamber slides were coated with Geltrex (1×, Gibco, Life Technologies Corporation, Carlsbad, CA, USA) and incubated for 90 min at 37 °C [46].




2.3.2. Differentiating Media


Astrocyte directed-differentiation medium was similar to the one described in Gill and Kumara [46].



Oligodendrocyte specific modified directed-differentiation medium composed of DMEM/F12 (1×, Gibco) supplemented with N-2 supplement (1%, 100×, Gibco) and B27- (2%, 50×, Gibco) of T3 (49 ng/mL, Sigma) and BSA (1%, Thermo Scientific). The introduction of B27 into the medium enhanced the directed-differentiation process of rNSCs into oligodendrocytes [46,70,71].



Neuron directed-differentiation medium contains B27- (2%, 50×, Gibco) Glutamax (2 mM, 100×) in Neurobasal medium (1×, Gibco) [46].




2.3.3. rNSC Culturing for Differentiation


The rNSCs with passage number 3 were cultured approximately 7.80 × 104 cells per chamber in stem cell growth medium and incubated at 37 °C, 5% CO2, and 90% humidity. Once the cells were attached to the surface, the medium in the control chambers was changed with fresh stem cell growth medium, whereas for the directed-differentiation of rNSCs into astrocytes, the medium in the slide chambers coated with Geltrex was replaced with the astrocyte-specific directed-differentiation medium. For the directed-differentiation of rNSCs into oligodendrocytes, the medium in the slide chambers coated with poly-l-ornithine and Laminin was replaced with the oligodendrocyte-specific directed-differentiation medium. Similarly, for the directed-differentiation of rNSCs into neurons, the medium was replaced with the neuron-specific directed-differentiation medium. All chamber slides were placed in the incubator adjusted for 37 °C, 5% CO2, and 90% humidity. The media were changed with the freshly prepared relevant medium every 2 days and the directed-differentiation process was continued for 7 days. After 7 days, the differentiation media was removed and cells were washed once with PBS. Subsequently, the cells were fixed with 4% PFA for 15 min at RT and then washed three times with PBS in the presence of Ca2+ and Mg2+. The chamber slides were loaded with 0.5 mL of PBS (with Ca2+ and Mg2+), sealed with Parafilm and stored at 4 °C for the immunostaining process [46].





2.4. Cell Proliferation or Cytotoxicity Assays


The relative cell count (RCC) was used as an index of cell proliferation or cytotoxicity. RCC was expressed as a “Total number of cells % control” and calculated using the following equation. “Total number of cells % control” = (No of nuclei of viable cells in treated group/no of nuclei of viable cells in the control group) × 100, which has been used in the previous publications [46,72,73].




2.5. Effects of BPA or BPF on the Differentiation Rate of rNSCs into Astrocytes, Oligodendrocytes, and Neurons


The experiments performed in Section 2.3.3 and Section 2.4 were repeated with a similar dose range of freshly prepared BPA or BPF introduced to each directed-differentiation media in the three differentiation processes. Each directed-differentiation media or growth media were replaced with a freshly prepared relevant medium containing BPA or BPF every two days. The concentrations of both BPA and BPF used were 0.05 μM, 0.25 μM, 10 μM, 50 μM, and 100 μM, in relevant differentiating media directed into astrocytes, neurons, and oligodendrocytes or rNSC in the growth medium. Relevant control groups were treated only with the vehicle that BPA or BPF dissolved. After 7 days, the medium was removed, cells were washed with PBS, and fixed with 4% PFA for the immunostaining and enumeration. DAPI (4′,6-Diamidino-2-phenylindole dihydrochloride) stained nuclei of fluorescent and phase-contrast overlapping images were used for the enumeration of the total number of cells of each cell category. Images were obtained and the total number of nuclei were counted by ImageJ software. The RCC and the %differentiation [74] of rNSCs into astrocytes, oligodendrocytes, and neurons were measured [46,74].




2.6. Immunochemistry and Image Analysis


The fixation of cells, staining, and anti-body dilutions was performed as previously described [46]. The fluorescent and phase-contrast images were captured by EVOS FL Color Imaging System equipped with a Sony ICX285AQ color CCD camera, and image analysis was performed as previously described [46].




2.7. Morphometric Analysis of Neurons, Astrocyte and Oligodendrocyte Differentiated from rNSC in the Presence and Absence of BPA or BPF


Images of each cell type with specific protein-markers were segmented and transformed into a binary mask before tracing the cellular processes of each cell. The “Simple Neurite Tracer” of Fiji-ImageJ software (National Institutes of Health, Bethesda, MD, USA) [68] was used to trace randomly selected complete individual astrocyte, oligodendrocyte, or neuron cells. Images with those traced cells were subjected to morphometric analysis using Sholl analysis [47,69].



Traced individual whole cells of neurons, astrocytes, and oligodendrocytes differentiated from rNSC in the presence and absence of 0 μM (control), 50 μM, and 100 μM of BPA or BPF, were subjected to Sholl analysis [69] (Sholl analysis version 3.7.0 of Fiji-ImageJ software 1.52i, National Institutes of Health, Bethesda, MD, USA) [68]. Concentric circles were placed around the traced whole-cell starting from the center of the soma and radiating outward at increasing radial increments of 3 μm. The number of intersections was enumerated as points where cellular processes of each cell type cross a concentric Sholl ring. The number of intersections per circle was plotted against radial distance from the soma of each cell type [46].




2.8. Statistical Analysis


Normal distribution was examined by the Shapiro–Wilk and Kolmogorov–Smirnov tests were used to check normal distribution. ANOVA (IBM SPSS 19 program, IBM, New York, NY, USA) was used to determine the overall effect of BPA or BPF on the “% differentiation” of rNSCs into neurons, oligodendrocytes, and astrocytes. Levene’s test was used to control the homogeneity of variances. When the Levene’s test is not significant (the homogeneity of variance ensured parameters) two-way ANOVA was used. When the Levene’s test is significant (the homogeneity of variance not ensured) Welch’s ANOVA was used. For the pairwise comparison, the Bonferroni test was used in the cases that the variances are homogenous, and Games–Howell test was used when the variances are not homogenous. These pairwise comparison tests compare the difference between various parameters of the BPA and BPF treated cells as well as relevant controls. All data are represented as means ± standard error (S.E.), and statistical significance was given in the following order, + p < 0.05, ++,# p < 0.01, +++, ## p < 0.001, in each experiment legends.





3. Results


3.1. Effects of BPA and BPF on rNSC Differentiation Directed into Astrocytes


The rNSCs were differentiated into astrocytes using cell directed differentiation media. After seven days of differentiation, four distinct protoplasmic, fibrous, varicose-projection, and interlaminar astrocytes were visualized by immunofluorescent staining with astrocyte cell-specific marker- Glial Fibrillary Acidic Protein (GFAP; Figure 1A,D and Figure 2D–F). Interestingly, in the presence of 50 µM and 100 µM of either BPA or BPF, rNSCs differentiated into fusiform shaped astrocytes with elongated soma and shorter processes (Figure 1B,C,E,F). Additionally, in the presence of 100 µM BPA, rNSCs generated astrocytes that showed complete morphological changes with no process or shorter process, while 100 µM BPF generated astrocytes with abnormal morphology and the four types of astrocytes were no longer visible. The rNSC astrocytes treated with 100 µM of BPA had more drastic morphological changes (Figure 1C) and shorter cellular process from the soma, compared to the 100 µM of BPF treated astrocytes (Figure 1F).




3.2. Effects of BPA or BPF on Stem Cell Properties of rNSCs Cultured in rNSC Growth Medium


The rNSCs cultured in NSC growth medium parallel with the 3-types of directed differentiation medium in the presence or absence of 50 µM BPA or BPF for 7 days. rNSCs were immunostained with stem cell specific protein-marker Nestin to investigate the effects of BPA or BPF on stem cell properties. Almost all rNSCs were stained with Nestin in the control group as well as BPA or BPF treated groups indicating that BPA or BPF do not change stem cell marker protein expression and hence stem cell properties (Figure 2A–C).




3.3. Effects of BPA or BPF on rNSC Differentiation Directed into Neurons


The rNSCs cultured with neuronal differentiation medium for 7 days were differentiated into immature and mature neurons. The mature neurons had different types of axonal morphologies, such as unipolar, bipolar, multipolar, as well as pyramidal-like neurons. These axonal morphologies were detected in phase contrast MAP2 clone-AP18 immunofluorescent and DAPI overlapped images (Figure 3A–F). The immature neurons were characterized by positive MAP2 staining and either the absence of dendrites and axons or shorter dendrites (Figure 3A–F). Non-neural cells were also observed as only DAPI stained nucleus (Figure 3A–F). In the presence of both 50 µM and 100 µM of either BPA or BPF, there was a significant increase in the number of immature neurons relative to mature neurons (Figure 3B,C,E,F). Both the mature and immature neurons were enumerated and compared (Section 3.6).




3.4. Effects of BPA or BPF on rNSC Differentiation Directed into Oligodendrocytes


The rNSCs cultured with oligodendrocyte directed-differentiating medium were differentiated into immature and mature oligodendrocytes, with mature oligodendrocytes being more predominant in control cells (Figure 4A,D). Morphological differences were observed by phase-contrast microscopy, mGalc immunofluorescent, and DAPI overlapped images (Figure 4A–F). Mature oligodendrocytes characterized by a cell body with a nucleus and extended cytoplasmic processes that create highly branched network connections with other cells. Immature oligodendrocytes characterized by either shorter cellular process or only soma with no processes. These were similarly stained with specific marker mGalC (Figure 4A–F). Non-oligodendrocyte cells were also observed as blue DAPI stained nucleus without mGalC stained soma. In the presence of 50 and 100 µM BPA or BPF, rNSCs differentiated with increasing immature vs. mature oligodendrocytes in a concentration-dependent manner (Figure 4B,C,E,F). Both the mature and immature oligodendrocytes were enumerated and compared (Figure 5E,F).




3.5. Concentration-Response Effects of BPA and BPF on the Degree of % Differentiation of rNSCs Directed into Astrocytes


Welch’s ANOVA of individual concentration-response of BPA and BPF on “% differentiation” of rNSCs into mature astrocytes showed significant effects (Welch’s F(11, 46.22) = 27.92, p < 0.001). Multiple comparisons of the concentration-response data by Games–Howell post hoc test showed a significant increase in “% differentiation” of rNSCs into mature astrocytes in 0.25 μM (12.27 ± 2.46), 10 μM (16.29 ± 1.88), 50 μM (13 ± 3.00) BPA treated groups, and 10 μM (14.96 ± 1.79), 50 μM (19.67 ± 2.68) BPF treated groups compared with the relevant controls (Figure 5A,B). However, 100 μM BPA (17.46 ± 2.55%, p < 0.001) significantly decreased the % differentiation of rNSCs into mature astrocytes while 100 μM BPF (4.31 ± 2.20%) showed no significant difference compared with the relevant controls (Figure 5A,B).



Welch’s ANOVA of individual concentration-response of BPA and BPF on “% differentiation” of rNSCs into immature or abnormal astrocytes showed significant effects (Welch’s F(11, 46.03)= 81.64, p < 0.001). Multiple comparisons of the concentration-response data by Games–Howell post hoc test showed a significant increase in “% differentiation” of rNSCs into immature or abnormal astrocytes. The BPA treated groups significantly increased the % differentiation of rNSCs into immature or abnormal astrocytes at the concentrations of 50 μM (15.72 ± 3.53%) and 100 μM (48.94 ± 2.72%) BPA and 50 μM (8.79 ± 1.33%) and 100 μM (34.78 ± 1.46%) BPF treated groups compared with the relevant control groups.



Group-wise analysis of total immature or abnormal astrocytes by Welch’s ANOVA showed that BPA and BPF have a significant effect on “% differentiation” of rNSCs into total immature or abnormal astrocytes (Welch’s F(2, 73.14) = 28.41, p < 0.001). Group-wise comparison by Games–Howell post hoc test showed a significant increase in the “% differentiation” of rNSCs into total immature or abnormal astrocytes in BPA treated group (16.21 ± 2.88%, p < 0.001) and BPF treated group (10.93 ± 2.13%, p < 0.001) when compared with the control group (Figure 6A).




3.6. Concentration-Response Effects of BPA and BPF on the % Differentiation of rNSCs Directed into Neurons


Welch’s ANOVA of individual concentration-response of BPA and BPF on “% differentiation” of rNSCs into mature neurons showed significant effects (Welch’s F(11, 45.25) = 37.266, p < 0.001). Multiple comparisons of the concentration-response data by Games–Howell post hoc test revealed a significant decrease in “% differentiation” of rNSCs into mature neurons. The BPA treated groups significantly decreased the % differentiation (p < 0.001) of rNSCs into mature neurons at the concentrations of 50 μM (18.18 ± 2.47%) and 100 μM (7.37 ± 3.83%) compared with the relevant control in a concentration-dependent manner (Figure 5C). Similarly, BPF treated groups significantly decreased the % differentiation (p < 0.001) of rNSCs into mature neurons at the concentrations of 50 μM (20.15 ± 2.34%) and 100 μM (22.15 ± 3.33%) compared with the relevant control group (Figure 5D). However, there is no significant effect of 0.05 μM, 0.25 μM, and 10 μM of both BPA and BPF on the “% differentiation” of rNSCs into mature neurons compared with the relevant controls (Figure 5C,D).



Welch’s ANOVA of individual concentration-response of BPA and BPF on “% differentiation” of rNSCs into immature neurons showed significant effects (Welch’s F(11, 445.237) = 67.032, p < 0.001). Multiple comparisons of the concentration-response data by Games–Howell post hoc test revealed a significant increase in “% differentiation” of rNSCs into immature neurons. The BPA treated groups significantly increased the % differentiation (p < 0.001) of rNSCs into immature neurons at the concentrations of 0.25 μM (21.74 ± 3.35%), 10 μM (37.27 ± 2.32%), 50 μM (46.70 ± 2.60%), and 100 μM (35.86 ± 3.98%) compared with the relevant control in a concentration-dependent manner (Figure 5C). Similarly, BPF treated groups significantly increased the “% differentiation” (p < 0.001) of rNSCs into immature neurons at the concentrations of 10 μM (24.17 ± 2.25%), 50 μM (38.92 ± 3.34%), and 100 μM (35.91 ± 2.53%) compared with the relevant control group (Figure 5D). There is no significant effect of individual concentration of 0.05 μM and 0.25 μM of BPF on the “% differentiation” of rNSCs into immature neurons compared with the relevant controls (Figure 5D), whereas all the concentrations of BPA used showed a significant increase in “% differentiation” of rNSCs into immature neurons (Figure 5C) compared with the relevant control, indicating that BPA has more effect compared with BPF. Group-wise analysis of immature or abnormal neurons by Welch’s ANOVA showed that BPA and BPF have a significant effect on “% differentiation” of rNSCs into total immature or abnormal neurons (Welch’s F(2, 81.129) = 78.66, p < 0.001). Group-wise comparison by Games–Howell post hoc test revealed a significant increase in the “% differentiation” of rNSCs into total immature or abnormal neurons in BPA treated group (25.56 ± 2.66%, p < 0.001,) and BPF treated group (27.61 ± 2.55%, p < 0.001) when compared with the control group (Figure 6B).




3.7. Concentration-Response Effects of BPA and BPF on the % Differentiation of rNSCs into Oligodendrocytes


Welch’s ANOVA test showed that BPA and BPF have a significant effect on “% differentiation” of rNSCs into mature oligodendrocytes (Welch’s F(11, 46.68) = 32.35, p < 0.001). Multiple comparisons of the concentration-response data by Games–Howell post hoc test revealed a significant increase in “% differentiation” of rNSCs into mature oligodendrocytes at 10 μM of BPA (13.42 ± 3.42%) and 10 μM of BPF (9.34 ± 2.60%) compared with the relevant control, whereas 50 μM BPA (4.95 ± 3.92%) and 50 μM BPF (8.25 ± 3.40%) did not reduce the “% differentiation” of rNSCs into mature oligodendrocytes. However, 100 μM BPA (18.01 ± 2.30%) and 100 μM BPF (13.78 ± 1.92%) significantly reduced the % differentiation of rNSCs into mature oligodendrocytes (Figure 5E,F).



Data analysis by Welch’s ANOVA test showed that BPA and BPF have a significant effect on “% differentiation” of rNSCs into immature oligodendrocytes (Welch’s F(11, 47.22) = 187.74, p < 0.001). Multiple comparisons of the concentration-response data by Games–Howell post hoc test revealed a significant increase in “% differentiation” of rNSCs into immature oligodendrocytes. The BPA treated groups significantly increased the “% differentiation” of rNSCs into immature oligodendrocytes at the concentrations of 50 μM (24.65 ± 4.87%, p < 0.01) and 100 μM (56.91 ± 1.60%, p < 0.001) relative to control, in a concentration-dependent manner (Figure 5E). Similarly, BPF treated groups significantly increased the “% differentiation” (p < 0.001) of rNSCs into immature oligodendrocytes at the concentrations of 50 μM (31.24 ± 3.46%) and 100 μM (51.12 ± 1.86%) compared to the relevant control group (Figure 5F). There is no significant effect on the “% differentiation” of rNSCs into immature oligodendrocytes in the lower dose concentrations (0.05 μM, 0.25 μM, and 10 μM) in either BPA or BPF treatment (Figure 5E,F). Group-wise analysis of total immature or abnormal oligodendrocytes by Welch’s ANOVA showed that BPA and BPF have a significant effect on “% differentiation” of rNSCs into immature oligodendrocytes (Welch’s F(2, 77.66) = 45.58, p < 0.001). Further, group-wise comparison by Games–Howell post hoc test revealed a significant increase in the “% differentiation” of rNSCs into total immature or abnormal oligodendrocytes in BPA treated group (21.25 ± 3.38 %, p < 0.001) and BPF treated group (20.18 ± 2.70 %, p < 0.001) when compared with the control group (Figure 6C).



Furthermore, a comparison of overall effects of BPA or BPF treatments on immature or abnormal cells in all 3-types of cells (astrocytes, neurons, oligodendrocytes) by Games–Howell post hoc test showed a significant increase in %differentiation in BPA treated group (20.98 ± 1.96, p < 0.001) and BPF treated (19.83 ± 1.85, p < 0.001) group (Figure 6D).




3.8. Effects of BPA or BPF on Cell Proliferation of Differentiating rNSCs into Astrocytes


The “total number of cells % control” was estimated as an index of cell proliferation or the cytotoxicity of differentiating rNSCs into astrocytes, neurons, and oligodendrocytes throughout the study. A two-way ANOVA was conducted to examine the effect of BPA and BPF dose on cell proliferation or cytotoxicity in these cells. In differentiating astrocytes, there was a statistically significant effect of BPA and BPF on the “total number of cells % control”, (F(9, 117) = 9.901, p < 0.01, η2p = 0.432, observed power = 1). Multiple comparisons of the concentration-response of BPA and BPF by Bonferroni post hoc test revealed that there is a statistically significant difference in cell proliferation at 0.05 μM of both BPA and BPF treated cells. Statistically significant differences were not observed in the ‘total number of cells % control” at 0.25 μM, 10 μM, and 50 μM for both BPA (Figure 7B) and BPF (Figure 7C) treated groups. However, group-wise comparison by Bonferroni post hoc test revealed no significant change in the “total number of cells % control” of rNSCs into total astrocytes in either BPA or BPF treated group when compared with the control group (Figure 7A).




3.9. Effects of BPA or BPF on Cell Proliferation of Differentiating rNSCs into Neurons


Two-way ANOVA showed statistically significant effect of BPA and BPF on “total number of cells % control” (F(9, 116) = 4.173, p < 0.01, η2p = 0.245, observed power = 0.889) of differentiating neurons. Multiple comparisons of the dose–response of BPA by Bonferroni post hoc test showed that there are significant increases in the “total number of cells % control” at 0.05 μM (32.62 ± 8.86 p < 0.05), 0.25 μM (49.59 ± 9.28, p < 0.001), and 10 μM (68.67± 8.86, p < 0.001) in comparison with the relevant control group. However, 50 μM and 100 μM of BPA did not show any significant differences compared to the relevant control (Figure 7E). Similarly, BPF treated cells revealed a significant increase in the “total number of cells % control” at 0.05 μM (52.57 ± 9.28 p < 0.001), 0.25 μM (36.44 ± 9.05, p < 0.01), 10 μM (36.71 ± 9.54, p < 0.05), and 50 μM (43.40 ± 8.86, p < 0.01), while 100 μM of BPF treatment did not show a significant difference (Figure 7F). Furthermore, group-wise comparison by Bonferroni post hoc test revealed a significant increase in the ‘total number of cells % control” of rNSCs into total neurons in both BPA (41.59 ± 5.35%, p < 0.001) and BPF (40.70 ± 5.41%, p < 0.001) treated group compared to the control group (Figure 7D).




3.10. Effects of BPA or BPF on Cell-Proliferation of Differentiating rNSCs into Oligodendrocytes


There is a statistically significant effect of BPA and BPF on “total number of cells % control” (F(9, 122) = 3.75, p < 0.001, η2p = 0.217, observed power = 0.832) of differentiating oligodendrocytes as determined by two-way ANOVA. Multiple comparisons of the concentration-response of BPA by Bonferroni post hoc test showed that all concentrations of BPA significantly increase the “total number of cells % control” of differentiating oligodendrocytes. In brief, significant increase in the “total number of cells % control” were seen at 0.05 μM (88.39 ± 12.41 p < 0.001), 0.25 μM (73.80 ± 12.12, p < 0.001), 10 μM (93.52 ± 11.67, p < 0.001), 50 μM (72.39 ± 12.41, p < 0.001), and 100 μM (43.70 ± 11.88, p < 0.05) compared to relevant control group (Figure 7H). In contrast, BPF treated cells only showed a significant increase in the “total number of cells % control” at 10 μM (36.71 ± 9.54, p < 0.05), while all other concentrations of BPF treated cells did not show a significant difference (Figure 7I). Group-wise comparison showed a statistically significant increase in the “total number of cells % control” of both BPA (74.28 ± 7.22, p < 0.001) and BPF (28.07 ± 7.19, p < 0.001) treated groups compared with relevant controls (Figure 7G). Similarly, there is a significant increase in the “total number of cells % control” of the BPA treated group compared (46.21 ± 5.19, p < 0.001) with the BPF treated group (Figure 7G).




3.11. Effects of BPA or BPF on the Morphologies of Astrocytes, Oligodendrocytes, and Neurons Differentiated from rNSCs


BPA and BPF reduced the complexity of cellular process arbors and changed the morphology of astrocytes, oligodendrocytes, and neurons differentiated from rNSCs. Traced images of complete astrocytes in pink color (Figure 8A,C) oligodendrocytes (Figure 8E,G), and neurons are converted into binary files and created “Sholl circle” to measure the number of intersections per each “Sholl circle” for astrocytes (Figure 8B,D), oligodendrocytes (Figure 8F,H), and neurons. 100 µM BPF (Figure 8C,D) reduced the number of astrocyte processes and changed the astrocyte morphology compared with the control (Figure 8A,B). 100 µM and 50 µM of BPA and 50 µM of BPF as well showed similar effects (data not shown). Furthermore, 100 µM of BPA (Figure 8G,H) reduced the number of oligodendrocyte processes and changed the oligodendrocyte morphology to linearly elongated oligodendrocytes compared to the control oligodendrocytes with characteristic highly branched complex morphology (Figure 8E,F). Additionally, 100 µM and 50 µM BPF and 50 µM BPA showed similar effects (data not shown). These morphological changes were further quantified by Sholl analysis [47,69].




3.12. Effects of BPA and BPF on Sholl Analysis on Astrocytes


Sholl analysis [47,69] of astrocytes differentiated from rNSCs in the presence of BPA revealed a statistically significant effect of BPA on the mean intersections of astrocyte processes in “Sholl circles” (F(2, 602) = 315.31, p < 0.001, η2p = 0.512, observed power = 1.00) as determined by two-way ANOVA. Multiple comparisons of all groups by Games–Howell post hoc test showed a statistically significant reduction in the mean intersections of astrocyte processes in “Sholl circles” in 50 μM (2.82 ± 0.11, p < 0.001) and 100 μM BPA treated group (2.08 ± 0.12, p < 0.001) in comparison with the control group (5.85 ± 0.10). Individual comparison of the number of intersections per 3 μm distance by Games–Howell post hoc test revealed that there is a significant reduction of the number of intersections within 9 μm to 48 μm radius from the soma of the 100 μM BPA treated astrocytes compared with the corresponding radius (9 μm to 48 μm) of the control astrocytes (Figure 9A). Meanwhile, 50 μM BPA treated astrocyte group also reduced the number of intersections within 9 μm to 21 μm radius from the soma compared with the corresponding radius (9 μm to 21 μm) of the control astrocytes (Figure 9A).



Similarly, astrocytes differentiated from rNSCs in the presence of BPF also revealed a statistically significant effect of BPF on the mean intersections of astrocyte processes in “Sholl circles” (F(2, 741) = 310.7, p < 0.001, η2p = 0.456, observed power = 1.00) as determined by two-way ANOVA. Multiple comparisons of the three groups by Games–Howell post hoc test showed a statistically significant reduction in the mean intersections of astrocyte processes in “Sholl circles” of 50 μM BPF treated group (3.006 ± 0.103, p < 0.01) and 100 μM BPF treated group (2.07 ± 0.09, p < 0.001) in comparison with the control group (5.74 ± 0.11). Individual comparison of a number of the intersection per 3 μm distance by Games–Howell post hoc test revealed that there is a significant reduction of the number of intersections in BPF treated astrocytes compared with the control astrocytes. Further, 100 μM BPF treated cells showed a significant reduction of the number of intersection between 9 μm to 39 μm radius from the soma of the astrocytes intersection compared with the corresponding radius of the control astrocytes (Figure 7B,D and Figure 9B). Meanwhile, 50 μM BPF treated astrocytes reduced the number of intersections to a lesser extent within 9 μm to 21 μm radius from the soma compared with the control astrocytes (Figure 9B).



To confirm these findings, we measured the mean value of the sum of intersections for each cell type. Astrocytes differentiated from rNSCs in the presence of BPA or BPF showed a statistically significant effect (F(5, 88) = 38.66, p < 0.001, η2p = 0.687, observed power = 1.00) on the sum of intersections per astrocyte as determined by ANOVA. Absolute values for the sum of intersections per each cell type are depicted in Figure 10A,B. Games–Howell post hoc test showed a statistically significant reduction in the sum of intersections in 100 μM BPA treated astrocytes (81.67 ± 7.74, p < 0.001) and 50 μM BPA treated astrocytes (49.95 ± 9.09, p < 0.001) compared to control (Figure 10A). Similarly, 100 μM BPF treated astrocytes (77.89 ± 11.44, p < 0.001) and 50 μM BPF treated astrocytes (55.36 ± 11.76, p < 0.01) also revealed a statistically significant reduction in the sum of intersections compared with relevant control (Figure 10B). Further, 100 μM BPF treated astrocytes showed a significant increase in the sum of intersections (10.36 ± 3.16, p < 0.05) compared with the 100 μM BPA treated astrocytes (Figure 10A,B).




3.13. Effects of BPA and BPF on Sholl Analysis on Oligodendrocytes


Sholl analysis [47,69] of oligodendrocytes differentiated from rNSC in the presence of BPA revealed a statistically significant effect of BPA on the mean intersections of processes in “Sholl circles” (F(2, 595) = 319.86, p < 0.001, η2p = 0.518, observed power = 1.00) as determined by two-way ANOVA. Group-wise multiple comparisons by Games–Howell post hoc test revealed a statistically significant reduction in the mean intersections of processes in “Sholl circles” in 50μM BPA treated group (6.67 ± 0.38, p < 0.001) and 100 μM BPA treated group (2.30 ± 0.33, p < 0.001) compared to control (16.32 ± 0.44). Individual comparison of the number of intersections per 3 μm distance by Games–Howell post hoc test revealed that there is a significant reduction of the number of intersections in BPA treated oligodendrocytes compared with the control oligodendrocytes. Further, 100 μM BPA treated oligodendrocytes showed a significant reduction of the number of intersection within 9 μm to 42 μm radius from the soma as compared to the corresponding radius of the control oligodendrocytes (Figure 8G,H and Figure 9C). Meanwhile, 50 μM BPA treated oligodendrocytes reduced the number of intersections within 9 μm to 36 μm radius from the soma compared with the corresponding radius from the soma of the control oligodendrocytes (Figure 9C).



Similarly, there is a statistically significant effect of BPF on the mean intersections of processes in “Sholl circles” (F(2, 502) = 147.23, p < 0.001, η2p = 0.370, observed power = 1.00) of oligodendrocytes differentiated from rNSCs in the presence of BPF. Multiple comparisons of the three groups by Games–Howell post hoc test revealed a statistically significant reduction in the mean intersections of processes in “Sholl circles” in 100 μM BPF treated group (4.19 ± 0.569, p < 0.001) compared with the control group (17.85 ± 0.566). Individual comparison of the number of intersections per 3 μm distance by Games–Howell post hoc test revealed that there is a significant reduction of the number of intersections within a 6 μm to 33 μm radius from the soma of the 100 μM BPF treated oligodendrocytes compared with the control oligodendrocytes (Figure 9D). However, 50 μM BPF did not significantly reduce the number of intersections radiating from the soma of oligodendrocytes (Figure 9D).



Further confirmation of these morphometric analyses of oligodendrocytes was established by measuring the mean value of the sum of intersections of an oligodendrocyte. Oligodendrocytes differentiated from rNSCs in the presence of BPA or BPF also showed a statistically significant effect (F(5,70) = 23.28, p < 0.001, η2p = 0.625, observed power = 1.00) on the sum of intersections per oligodendrocyte as determined by ANOVA. Absolute values for the sum of intersections per oligodendrocyte are depicted in Figure 10C,D. Statistically significant reductions were observed on the sum of intersections in 100 μM BPA treated oligodendrocytes (211.33 ± 24.10, p < 0.001) and 50 μM BPA treated oligodendrocytes (163.70 ± 37.58, p < 0.01) compared with the relevant control group (Figure 10C) as determined by Games–Howell post hoc test. Similarly, 100 μM BPF treated oligodendrocytes (229.48 ± 39.01, p < 0.01) and 50 μM BPF treated oligodendrocytes (204.09 ± 41.58, p < 0.01) also showed a statistically significant reduction in the sum of intersections compared with relevant control oligodendrocytes (Figure 10D).




3.14. Effects of BPA and BPF on Sholl Analysis on Neurons


Sholl analysis [47,69] of neurons differentiated from rNSCs in the presence of BPA revealed a statistically significant effect of BPA on the mean intersections in “Sholl circles” of neural dendrites (F(2, 630) = 74.26, p < 0.001, η2p = 0.191, observed power = 1.00) as determined by two-way ANOVA. Multiple comparisons of the three groups by Games-Howell post hoc test showed a statistically significant reduction in the mean intersections in “Sholl circles” of neural dendrites of 50μM BPA treated neurons (1.19 ± 0.09, p < 0.001) and 100 μM BPA treated neurons (1.54 ± 0.10, p < 0.001) compared with the control neurons (3.15 ± 0.09). Individual comparison of the number of intersections per 3 μm distance by Games–Howell post hoc test revealed that there is a significant reduction of the number of intersections within 3 μm to 18 μm radius from the soma of the 100 μM and 50 μM BPA treated group compared with the corresponding radius of the control group (Figure 9E).



Similarly, neurons differentiated from rNSCs in the presence of BPF also showed a statistically significant effect of BPF on mean intersections in “Sholl circles” of neuron dendrites (F(2, 790) = 58.98, p < 0.001, η2p = 0.130, observed power = 1.00) as determined by two-way ANOVA. Multiple comparisons of the three groups by Games–Howell post hoc test showed a statistically significant reduction in the mean intersections in 50μM (1.168 ± 0.11, p < 0.01) and 100 μM BPF treated group (1.53 ± 0.10, p < 0.001) compared with the control group (3.16 ± 0.10). Individual comparison of the number of intersections per distance by Games–Howell post hoc test revealed that there is a significant reduction of the number of intersections within 3 μm to 15 μm radius from the soma of the neurons in the 100 μM and 50 μM BPF treated group compared with the corresponding radius of the control group (Figure 9F).



Confirmations of these morphometric analyses of neurons were established by measuring the mean value of the sum of intersections of neurons. BPA and BPF showed a statistically significant effect (F(5, 136) = 25.82, p < 0.001, η2p = 0.487, observed power = 1.00) on the sum of intersections in neurons differentiated from rNSCs as determined by ANOVA. Games-Howell post hoc test revealed a statistically significant reduction in the sum of intersections in 100 μM BPA treated neurons (30.20 ± 4.83, p < 0.001) and 50 μM BPA treated neurons (24.13 ± 5.07, p < 0.001) compared with the relevant control group (Figure 10E). Similarly, 100 μM BPF treated neurons (28.05 ± 4.21, p < 0.001) and 50 μM BPF treated neurons (27.27 ± 4.45, p < 0.001) also showed a statistically significant reduction in the sum of intersections compared with relevant control neurons (Figure 10F). Further, no significant differences were observed between BPA and BPF treated neurons (Figure 10E,F).





4. Discussion


Currently, there are limited data on the developmental effects of the BPA analogues, hence this study was designed to compare and evaluate the neurodevelopmental effects of BPA and BPF on rNSCs. We used a monolayer based assay model [46] to direct rNSCs differentiation into astrocytes, neurons, and oligodendrocytes in the presence or absence of BPA or BPF. It is established facts that recombinant human FGFb and EGF (20 ng/mL) prevent differentiation of rNSC, keep their stem cell properties, and proliferate rNSCs very rapidly in the NSC growth medium. In the presence of recombinant human FGFb and EGF rNSCs increase cell proliferation, but cannot initiate and proceed to the differentiation processes even BPA or BPF present in the rNSC growth medium. The %differentiation of rNSCs into astrocytes, neurons, and oligodendrocytes in the absence of BPA or BPF treatment (control groups) were approximately 40%, 49%, and 32%, respectively. In the presence of BPA, the percentage differentiation of rNSCs into astrocytes, neurons, and oligodendrocytes increased approximately to 61%, 74%, and 50%, respectively. Similarly, in the presence of BPF, the percentage differentiation increased approximately to 59%, 66%, and 48%, respectively. In support of these findings, male rats exposed to 400 μg/kg bw/day showed increased numbers of neurons and glia (astrocytes and oligodendrocytes) [75] while female rats exposed to 40 μg/kg bw/day of BPA showed an increased number of glial cells [76] in the medial prefrontal cortex.



Our results showed that exposure to 50 µM and 100 µM of either BPA or BPF lead to a significant reduction in cellular arborization and morphological changes for astrocytes, oligodendrocytes, and neurons. Sholl analysis of both BPA and BPF treated astrocytes showed a reduction in the number of intersections per “Sholl circle” within 9 μm to 48 μm radius from the soma for BPA and within 9 μm to 39 μm radius from the soma for BPF. Furthermore, both BPA and BPF significantly and comparably reduced the sum of intersections of astrocytes, reducing the complexity of cellular process arbors. Additionally, the treatment with 50 µM and 100 µM of BPA or BPF resulted in morphological changes in the astrocytes. The astrocytes differentiated from rNSC in the presence of 50 uM and 100 µM of BPA or BPF showed shorter or no processes and the four types of astrocytes were reduced or no longer visible. Astrocytes are involved in multiple functions, such as structural and metabolic support to neurons, maintaining synaptic connectivity, pruning circuit, regulating blood circulation, and the formation of the blood–brain barrier. Our findings correlate with the previous publication [77], which showed that BPA exposure to mouse astrocytes and neuron/glia co-cultures altered dopamine responsiveness in neurons and astrocytes.



Similarly, for oligodendrocytes, there are changes in cellular arborization in the presence of 50 µM and 100 µM of both BPA and BPF. BPA reduced the number of intersections per “Sholl circle” within 9 μm to 42 μm radius from the soma, whereas BPF reduced the number of intersections within 6 μm to 33 μm radius from the soma. However, further examination of the morphology of oligodendrocytes revealed that both BPA and BPF significantly reduced the sum of intersections, leading to a reduction in the complexity of cellular processes arbors. In addition to the changes in the arborization, there was a concentration-dependent reduction in the number of mature oligodendrocytes and an increase in immature oligodendrocytes. Mature oligodendrocytes were characterized by a cell body with a nucleus and extended cellular processes. Whereas the immature oligodendrocytes were characterized by either shorter cellular processes or soma with no cellular processes. Both were similarly stained with the specific marker mGalC. The morphological changes can affect the function of oligodendrocytes and neurons interactions. During central nervous system development, myelination of multiple axons of neurons requires the outgrowth and extensive branching of oligodendroglial processes [46]. To achieve this process, rNSC undergo a complex differentiation and maturation process, with different types of molecular and morphological changes. Subsequently, a number of long branched, and morphologically complex cell processes are elaborated [78]. Our data on morphological Sholl analysis showed that the high concentration of both BPA and BPF altered oligodendrocyte morphology and could impact differentiation and cellular function.



For neurons, Sholl analysis of 50 µM and100 µM BPA or BPF treated cells showed significantly reduced complexity of neuron dendrites arborization, required for circuit connectivity and brain functions. Significant reduction in the number of intersections per “Sholl circle” within 3 μm to 18 μm radius from the soma of BPA or BPF treated neurons, suggesting both BPA and BPF possess comparable adverse effects. Furthermore, both BPA and BPF significantly reduced the sum of intersections of neurons reducing the complexity of neuron dendrites arbors. At these doses, there were more immature than mature neurons. The mature neurons had different types of axonal morphologies, such as unipolar, bipolar, multipolar, and pyramidal like neurons, while the immature neurons had shorter or no dendrites and axons. Characteristic morphology of different types of neurons is very important for brain functions, circuit connectivity and regulations of multiple aspects of neural tissue homeostasis.



The effects on proliferation or cytotoxicity of both BPA and BPF treatment was examined on astrocytes, neurons, and oligodendrocytes. Multiple comparisons of the concentration-response on rNSCs differentiating into astrocytes showed a significant increase in “total number of cells % control” only at the 0.05 μM concentration and no effect on proliferation was seen at higher concentrations. There was no proliferation/cytotoxicity with either BPA or BPF treated groups overall, and these results are in agreement with the findings of Wise et al. [76]. According to these authors, BPA did not change the number of astrocytes in the rat prefrontal cortex of the investigated rats. Astrocytes, the major component of the glial cell population, contribute to a number of essential functions. These functions provide metabolic and physical functions to other neural cells and controlling synaptogenesis and myelination processes in the development of the brain.



Similar observations were made for neurons, multiple comparisons of the concentration-response of both BPA and BPF showed a significant increase in “total number of cells % control” indicating cell proliferation occurred at lower concentrations, but not at higher concentrations. Our findings are supported by previously published data, suggesting that a lower dose of BPA increase neural progenitor cell proliferation in vitro [79], while at higher concentrations, 200 μM and above for 24-h treatment, it decreases the cell proliferation indicating cytotoxicity [80,81,82]. Enhanced cell proliferation of neural stem cells/progenitor cells [79] in vitro by low concentrations of BPA may be due to functional and structural similarity of BPA to estradiol hormones, which also enhance cell proliferation. These findings are parallel to our finding in the rNSC differentiation process into neurons.



Additionally, group-wise comparison of both BPA and BPF revealed a significant increase in “total number of cells % control” of rNSCs differentiating into oligodendrocytes representing cell proliferation compared with the relevant controls.



Our data suggest that both BPA and BPF enhance the directed-differentiation process of rNSC into astrocytes, oligodendrocytes, neurons, and also interfere with the development of their characteristic morphology. These findings are in agreement with Verbanck et al. [83], as they showed that analysis of non-coding and coding RNA profile of adipocytes in the presence and absence of BPF or BPS interfere with genes and pathways responsible for hormones or hormone-like chemicals and have to be considered as endocrine disruptors like BPA [83]. Further, BPF, BPA, and its analogues (BPS and BPAF) induce in vivo expression of the cyp19a1b gene (cytochrome P450 or brain aromatase) in the developing brain of zebrafish during the early stages [14,84]. According to other studies, the cyp19a1b gene in the radial glial cells, serve as progenitors in the embryonic as well as adult neurogenesis [85,86,87]. Recently published data suggests that BPA, BPF, and their analogues can induce and/or repress certain genes in the hypothalamus, prefrontal cortex, and the medial preoptic area, and likely other brain areas [84,88,89]. Further, BPF, BPA, and their analogues induce hormonal imbalances in the synthesis and circulating levels of 17β estradiol, T3, and T4 hormone synthesis and circulating levels [14,89].



Recent comparative investigations using different animal models such as C. elegans, zebrafish, and rodents proved that BPF and BPA analogues have greater or equivalent neuroendocrine disruptive effects comparable to BPA [14,88,90,91,92]. Another study has shown that BPA, BPF, and BPS possess equivalent potential to activate human ESR1 and ESR2 [23,93], which are known to have a wide range of endocrine physiological networks [29] including upregulation of postsynaptic density protein, synaptophysin, and α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptors expression in glutamatergic neurons [94]. A human post-mortem study using the hypothalamic and white matter of the brain from obese and normal weight individuals showed that low concentrations of BPF (2.2 ng/g) and BPA (1.2 ng/g) in the hypothalamus and BPF (2.3 ng/g), and BPA (1.0 ng/g) in white matter, were linked to their obese conditions [29]. The detection of BPA and BPF in the brain regions shows that they can cross the blood–brain barrier, which is predominantly composed of astrocytes, and consequently interfere with the endocrine physiological networks. Furthermore, several occupational exposure studies on BPA have reported higher concentrations of BPA in urine and serum [9,95,96,97]. In one occupational exposure study, BPA was detected at 101.94 µg/L in serum samples of 20 workers [9,98]. The BPA detected in the serum is equivalent to 0.447 µM BPA, which is similar to the amounts used in our study. Additionally, other studies on BPA levels on pregnant women reported that BPA levels in the blood plasma in the range of 0.5–22.3 ng/mL in the USA [99], and 0.3–18.9 ng/mL in Germany [100]. Another study reported a mean BPA concentration of 8.3 ± 8.9 ng/mL in the amniotic fluid of pregnant women in Japan [101]. In these studies, the maximum level of BPA detected in pregnant women is equivalent to 0.098 µM and 0.083 µM of BPA in the blood plasma and 0.039 µM of BPA in amniotic fluid, respectively. The BPA detected in the serum of occupational workers (0.447 µM BPA), or plasma in pregnant women (0.098 µM and 0.083 µM of BPA) are in the range of 0.05–100 µM of BPA or BPF that we used in our study. Since BPA can easily move across the blood–brain barrier or placenta [94,102,103,104,105], neural stem cells can be exposed to these BPA concentrations. Our data showed that rNSC exposed to lower concentration, 0.05, 0.25 µM, and higher concentration 10, 50, and 100 µM of BPA or BPF not only increased the % differentiation into astrocytes, neurons, and oligodendrocytes, but increased the abnormal or immature neurons. However, morphological changes were observed at higher doses of 50 and 100 µM of both BPA and BPF. Such high doses could occur in accidental ingestion of BPA or BPF in an occupational exposure environment; hence adult neural stem cells could be exposed to 50 µM of BPA or BPF and change the morphologies of astrocytes, oligodendrocytes, and neurons by reducing the cellular arborization.



The differentiation processes of dopaminergic-neurons in the ventral mesencephalon [106,107] and neurons and glial cells in rodents are also regulated by the estrogen–ER pathway [106,108,109]. These observations support our findings, explaining the equivalent neuroendocrine disruptive properties of BPA and BPF. Furthermore, our data suggest that both BPA and BPF enhance the directed-differentiation process of rNSC into astrocytes, oligodendrocytes, and neurons, but result in the failure of cells to acquire the typical morphology characteristics of each cell type. These changes in the three cell types alter the cell ratios, and the morphological differences associated with BPA or BPF exposures may disrupt the neurodevelopment, brain function, and behavioral changes, characteristic of BPA-induced neurobehavioral disorders. Our findings are largely supportive of the earlier findings which suggest that BPF can alter neuronal development, resulting in aberrant brain structure and may predispose individuals to develop cognitive deficits and behavioral changes in young children [102,110]. Several publications showed that functional changes in oligodendrocyte precursor cells and/or oligodendrocytes may also be associated with neuropsychiatric disorders [111,112,113]. BPA exposure during development may also be associated with neurobehavioral changes, such as cognitive deficits, increased anxiety, socio-sexual deficiencies; and neurological disorders such as autism spectrum disorder and attention deficit hyperactivity disorder [114,115,116,117,118,119,120,121,122,123,124]. Some of these effects may be related to BPA acting as a weak estrogen and binding to estrogen receptors within various regions of the brain. Furthermore, Qiu et al. [125], using transcriptional analysis, showed that BPA substitutes BPF and BPS may exercise comparative similar or greater toxicological effects relative to BPA [125,126,127].



The mechanism by which BPA and BPF can affect the differentiation processes, proliferation, changes in morphologies, and arborization are currently not understood, but based on literature, we can hypothesize on the possible mechanisms. Studies have shown that both BPA and bisphenol analogues cross the placenta and the blood–brain barrier [94,102,103,104,105]. These can bind to or act through estrogen receptors (ERα, ERβ, and ERRγ), androgen receptors (AR), thyroid hormone receptors (TH), and signal to its downstream targets (ERK/MAPK, PI3K signalling); binds to β-catenin in Wnt pathway [128,129,130,131] and change Notch signaling [132,133,134]. The role of the Notch signaling pathway in embryonic neural development, in adult neurogenesis, cell fate, stem cell differentiation into neurons, astrocytes, oligodendrocytes, their morphogenesis, and dendritic arborization is well documented [132,133,134]. BPA has been reported to increase cell proliferation and differentiation in neural stem cell cultures and in vivo neural tissues [76,135,136,137]; which supports our findings. Studies have shown that BPA inhibits the activity of γ-secretase in Notch signaling; which results in premature differentiation of NSCs and this led to developmental abnormalities [138]. Decreased activity in secretase also suppresses the down-stream genes ESR1 and PAX6( paired box 6), which are known to play a key role in regulating neuronal differentiation, and neural precursor cell proliferation in mammals [139,140]. Both BPA and BPF decrease neurite length in developing neurons [141]; and activate Notch signaling in rat intestinal epithelial cells and stem cells inducing intestinal development, including cell proliferation and differentiation [133,142]. Further, the Notch receptor (Notch1 and Notch2) expression has been documented in neural stem cells, neurons, astrocytes, and oligodendrocytes [132,143,144,145]. NOTCH1 not only regulates NSC fate and maintenance, but also regulates the dendritic morphology of newborn neurons [132,145]. Inactivation and/or downregulation of Notch signaling results in NSC depletion and induces differentiation into neuronal and glial cells (astrocytes and oligodendrocytes) [108,146,147,148]. Inactivation of highly expressed Hes genes (Hes1, Hes3, and Hes5) in NSC leads to an increase in proneural genes, acceleration of neurogenesis, and premature depletion of NSCs [148,149]. In silico docking studies suggested that BPA downregulates Notch pathway genes Notch-1, Hes-1, and Mib-1 and showed myelin sheath degeneration and neurobehavioral impairment in rats [149]; however, Tiwara et al. (2015) suggested Wnt/B-catenin pathway as one of the targets of BPA [81]. Wnt2 and Ngn2 a downstream target of the Wnt pathway can interact with the Notch signaling pathway in different ways to increase or decrease cell proliferation and neural differentiation processes [148,150,151]. Furthermore, JAG1 signals through NOTCH1 delay in oligodendrocyte differentiation and inhibit oligodendrocyte maturation, thus controlling the timing of myelination during development [132]. BPA enhances dendritic morphogenesis of the cerebral cortex and hippocampal neurons [152,153]. Conditional inactivation of Notch1 in the postnatal hippocampus leads to defects in dendritic morphogenesis [132,154]; conversely, NOTCH1 overexpression promotes dendritic arborization [132,155]. Furthermore, astrocytic Neuroligins control astrocyte morphogenesis [5]. This mechanism could explain the reduction of arborization of astrocyte neurons and oligodendrocytes and their morphological changes caused by BPA and BPF treatment. Considering these facts, the mechanisms through the interaction of Wnt with Notch signaling and estrogen receptor signaling could explain the increased differentiation of rNSC into astrocytes, neurons, and oligodendrocytes, proliferation and their altered morphogenesis caused by BPA and BPF treatment.




5. Conclusions


There is paucity of information on the tested chemicals for DNT due to the fact that in vivo guidelines are resource intensive. Further, it is well documented that a wide variety of chemicals have the potential to induce DNT, but 80% of the high production volume chemicals are lacking the required evaluation. Given the worldwide increasing burden neurodevelopmental disorders in children, and animal welfare represented by the 3Rs (reduction, refinement, and replacement of animal methods), there is a paradigm shift to develop in vitro methods to predict neurodevelopmental hazards for regulatory purposes. These methods need to be reliable, relevant, and efficient as screening tools to identify, prioritize, and evaluate chemicals for their potential to induce DNT. With respect to this, we developed in-vitro stem-cell based system to understand the effects of the BPA and BPF on the developmental effects. Using rNSCs, we showed that both BPA and BPF equally affect the proliferation and differentiation of all the three major cell types in CNS. There was a concentration-dependent increase in the number of immature oligodendrocytes, neurons, and astrocytes with both BPA and BPF. There was a concentration-dependent increase in proliferation of neurons, oligodendrocytes, and a minor effect on the lowest concentration on the number of astrocytes, but changes in morphology were observed. Sholl analysis showed that there were changes in cellular processes and dendritic arborization in oligodendrocytes, astrocytes, and neurons. Our in vitro results showed that BPA and BPF equally affect differentiation and proliferation, and hence may affect brain cell development.







Author Contributions


Both authors equally contributed for the paper. Conceptualization, S.G. and V.M.R.K.; methodology, S.G. and V.M.R.K.; software, S.G. and V.M.R.K.; validation, S.G. and V.M.R.K.; formal analysis, S.G. and V.M.R.K.; investigation, S.G. and V.M.R.K.; resources, S.G. and V.M.R.K.; data curation, S.G. and V.M.R.K.; writing—original draft preparation, S.G. and V.M.R.K.; Writing—Review and editing, S.G. and V.M.R.K.; visualization, S.G. and V.M.R.K. Both authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets generated and/or analyzed, including a large number of TIF images and image analysis data during the current study, are available from the corresponding author on reasonable request.




Acknowledgments


We would like to thank David Lefebvre and Tim Schrader for reviewing the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bergman, A.; Heindel, J.J.; Kasten, T.; Kidd, K.A.; Jobling, S.; Neira, M.; Zoeller, R.T.; Becher, G.; Bjerregaard, P.; Bornman, R.; et al. The Impact of Endocrine Disruption: A Consensus Statement on the State of the Science. Environ. Health Perspect. 2013, 121, A104–A106. [Google Scholar] [CrossRef]

	



Dogan, S.; Simsek, T. Possible Relationship between Endocrine Disrupting Chemicals and Hormone Dependent Gynecologic Cancers. Med. Hypotheses 2016, 92, 84–87. [Google Scholar] [CrossRef] [PubMed]

	



Usman, A.; Ahmad, M. From BPA to Its Analogues: Is It a Safe Journey? Chemosphere 2016, 158, 131–142. [Google Scholar] [CrossRef] [PubMed]

	



Michałowicz, J. Bisphenol A—Sources, Toxicity and Biotransformation. Environ. Toxicol. Pharmacol. 2014, 37, 738–758. [Google Scholar] [CrossRef] [PubMed]

	



Stogsdill, J.A.; Ramirez, J.; Liu, D.; Kim, Y.-H.; Baldwin, K.T.; Enustun, E.; Ejikeme, T.; Ji, R.-R.; Eroglu, C. Astrocytic Neuroligins Control Astrocyte Morphogenesis and Synaptogenesis. Nature 2017, 551, 192–197. [Google Scholar] [CrossRef] [PubMed]

	



Almeida, S.; Raposo, A.; Almeida-González, M.; Carrascosa, C. Bisphenol A: Food Exposure and Impact on Human Health. Compr. Rev. Food Sci. Food Saf. 2018, 17, 1503–1517. [Google Scholar] [CrossRef]

	



Lehmler, H.-J.; Liu, B.; Gadogbe, M.; Bao, W. Exposure to Bisphenol A, Bisphenol F, and Bisphenol S in U.S. Adults and Children: The National Health and Nutrition Examination Survey 2013–2014. ACS Omega 2018, 3, 6523–6532. [Google Scholar] [CrossRef]

	



Geens, T.; Aerts, D.; Berthot, C.; Bourguignon, J.-P.; Goeyens, L.; Lecomte, P.; Maghuin-Rogister, G.; Pironnet, A.-M.; Pussemier, L.; Scippo, M.-L.; et al. A Review of Dietary and Non-Dietary Exposure to Bisphenol-A. Food Chem. Toxicol. 2012, 50, 3725–3740. [Google Scholar] [CrossRef]

	



Ribeiro, E.; Ladeira, C.; Viegas, S. Occupational Exposure to Bisphenol A (BPA): A Reality That Still Needs to Be Unveiled. Toxics 2017, 5, 22. [Google Scholar] [CrossRef]

	



Konieczna, A.; Rutkowska, A.; Rachoń, D. Health Risk of Exposure to Bisphenol A (BPA). Rocz. Panstw. Zakl. Hig. 2015, 66, 5–11. [Google Scholar]

	



Vandenberg, L.N.; Chahoud, I.; Heindel, J.J.; Padmanabhan, V.; Paumgartten, F.J.R.; Schoenfelder, G. Urinary, Circulating, and Tissue Biomonitoring Studies Indicate Widespread Exposure to Bisphenol A. Environ. Health Perspect. 2010, 118, 1055–1070. [Google Scholar] [CrossRef] [PubMed]

	



Rochester, J.R. Bisphenol A and Human Health: A Review of the Literature. Reprod. Toxicol. 2013, 42, 132–155. [Google Scholar] [CrossRef]

	



Schug, T.T.; Birnbaum, L.S. Human Health Effects of Bisphenol A. In Toxicants in Food Packaging and Household Plastics: Exposure and Health Risks to Consumers; Snedeker, S.M., Ed.; Molecular and Integrative Toxicology; Springer: London, UK, 2014; pp. 1–29. ISBN 978-1-4471-6500-2. [Google Scholar]

	



Cano-Nicolau, J.; Garoche, C.; Hinfray, N.; Pellegrini, E.; Boujrad, N.; Pakdel, F.; Kah, O.; Brion, F. Several Synthetic Progestins Disrupt the Glial Cell Specific-Brain Aromatase Expression in Developing Zebra Fish. Toxicol. Appl. Pharmacol. 2016, 305, 12–21. [Google Scholar] [CrossRef]

	



Liu, B.; Lehmler, H.J.; Sun, Y.; Xu, G.; Sun, Q.; Snetselaar, L.G.; Wallace, R.B.; Bao, W. Association of Bisphenol A and Its Substitutes, Bisphenol F and Bisphenol S, with Obesity in United States Children and Adolescents. Diabetes Metab. J. 2019, 43, 59–75. [Google Scholar] [CrossRef]

	



Vandenberg, L.N.; Colborn, T.; Hayes, T.B.; Heindel, J.J.; Jacobs, D.R.; Lee, D.-H.; Shioda, T.; Soto, A.M.; vom Saal, F.S.; Welshons, W.V.; et al. Hormones and Endocrine-Disrupting Chemicals: Low-Dose Effects and Nonmonotonic Dose Responses. Endocr. Rev. 2012, 33, 378–455. [Google Scholar] [CrossRef] [PubMed]

	



Arambula, S.E.; Fuchs, J.; Cao, J.; Patisaul, H.B. Effects of Perinatal Bisphenol A Exposure on the Volume of Sexually-Dimorphic Nuclei of Juvenile Rats: A CLARITY-BPA Consortium Study. Neurotoxicology 2017, 63, 33–42. [Google Scholar] [CrossRef]

	



Maragou, N.C.; Makri, A.; Lampi, E.N.; Thomaidis, N.S.; Koupparis, M.A. Migration of Bisphenol A from Polycarbonate Baby Bottles under Real Use Conditions. Food Addit. Contam. Part A Chem. Anal. Control. Expo. Risk Assess. 2008, 25, 373–383. [Google Scholar] [CrossRef] [PubMed]

	



WHO; FAO. Joint FAO/WHO Expert Meeting to Review Toxicological and Health Aspects of Bisphenol A: Final Report, Including Report of Stakeholder Meeting on Bisphenol A, 1–5 November 2010, Ottawa, Canada; World Health Organization: Geneva, Switzerland, 2011. [Google Scholar]

	



Siddque, S.; Zhang, G.; Coleman, K.; Kubwabo, C. Migration of Bisphenol A Analogues in Baby Bottles and Sippy Cups. In Proceedings of the 2020 Health Canada Science Forum, Ottawa, ON, Canada, 20–21 January 2020; p. 142. [Google Scholar]

	



Andújar, N.; Gálvez-Ontiveros, Y.; Zafra-Gómez, A.; Rodrigo, L.; Álvarez-Cubero, M.J.; Aguilera, M.; Monteagudo, C.; Rivas, A.A. Bisphenol A Analogues in Food and Their Hormonal and Obesogenic Effects: A Review. Nutrients 2019, 11, 2136. [Google Scholar] [CrossRef] [PubMed]

	



Cunha, S.C.; Fernandes, J.O. Quantification of Free and Total Bisphenol A and Bisphenol B in Human Urine by Dispersive Liquid-Liquid Microextraction (DLLME) and Heart-Cutting Multidimensional Gas Chromatography-Mass Spectrometry (MD-GC/MS). Talanta 2010, 83, 117–125. [Google Scholar] [CrossRef] [PubMed]

	



Molina-Molina, J.-M.; Amaya, E.; Grimaldi, M.; Sáenz, J.-M.; Real, M.; Fernández, M.F.; Balaguer, P.; Olea, N. In Vitro Study on the Agonistic and Antagonistic Activities of Bisphenol-S and Other Bisphenol-A Congeners and Derivatives via Nuclear Receptors. Toxicol. Appl. Pharmacol. 2013, 272, 127–136. [Google Scholar] [CrossRef] [PubMed]

	



Liao, C.; Kannan, K. A Survey of Bisphenol A and Other Bisphenol Analogues in Foodstuffs from Nine Cities in China. Food Addit. Contam. Part A Chem. Anal. Control. Expo. Risk Assess. 2014, 31, 319–329. [Google Scholar] [CrossRef] [PubMed]

	



Gallart-Ayala, H.; Moyano, E.; Galceran, M.T. Analysis of Bisphenols in Soft Drinks by On-Line Solid Phase Extraction Fast Liquid Chromatography-Tandem Mass Spectrometry. Anal. Chim. Acta 2011, 683, 227–233. [Google Scholar] [CrossRef]

	



Gallart-Ayala, H.; Moyano, E.; Galceran, M.T. Fast Liquid Chromatography-Tandem Mass Spectrometry for the Analysis of Bisphenol A-Diglycidyl Ether, Bisphenol F-Diglycidyl Ether and Their Derivatives in Canned Food and Beverages. J. Chromatogr. A 2011, 1218, 1603–1610. [Google Scholar] [CrossRef] [PubMed]

	



Fromme, H.; Küchler, T.; Otto, T.; Pilz, K.; Müller, J.; Wenzel, A. Occurrence of Phthalates and Bisphenol A and F in the Environment. Water Res. 2002, 36, 1429–1438. [Google Scholar] [CrossRef]

	



Wong, Y.M.; Li, R.; Lee, C.K.F.; Wan, H.T.; Wong, C.K.C. The Measurement of Bisphenol A and Its Analogues, Perfluorinated Compounds in Twenty Species of Freshwater and Marine Fishes, a Time-Trend Comparison and Human Health Based Assessment. Mar. Pollut. Bull. 2017, 124, 743–752. [Google Scholar] [CrossRef] [PubMed]

	



Charisiadis, P.; Andrianou, X.D.; van der Meer, T.P.; den Dunnen, W.F.A.; Swaab, D.F.; Wolffenbuttel, B.H.R.; Makris, K.C.; van Vliet-Ostaptchouk, J.V. Possible Obesogenic Effects of Bisphenols Accumulation in the Human Brain. Sci. Rep. 2018, 8, 8186. [Google Scholar] [CrossRef] [PubMed]

	



Huang, R.-P.; Liu, Z.-H.; Yin, H.; Dang, Z.; Wu, P.-X.; Zhu, N.-W.; Lin, Z. Bisphenol A Concentrations in Human Urine, Human Intakes across Six Continents, and Annual Trends of Average Intakes in Adult and Child Populations Worldwide: A Thorough Literature Review. Sci. Total Environ. 2018, 626, 971–981. [Google Scholar] [CrossRef]

	



Fan, X.; Kubwabo, C.; Katuri, G.P.; Caza, A.; Rasmussen, P.E. Analysis of Bisphenol A Analogues in Canadian Indoor House Dust by Gas Chromatography-Tandem Mass Spectrometry. In Proceedings of the 2020 Health Canada Science Forum, Ottawa, ON, Canada, 20–21 January 2020; p. 98. [Google Scholar]

	



Liu, J.; Li, J.; Wu, Y.; Zhao, Y.; Luo, F.; Li, S.; Yang, L.; Moez, E.K.; Dinu, I.; Martin, J.W. Bisphenol A Metabolites and Bisphenol S in Paired Maternal and Cord Serum. Environ. Sci. Technol. 2017, 51, 2456–2463. [Google Scholar] [CrossRef]

	



Asimakopoulos, A.G.; Xue, J.; DeCarvalho, B.P.; Iyer, A.; Abualnaja, K.O.; Yaghmoor, S.S.; Kumosani, T.A.; Kannan, K. Corrigendum to “Urinary Biomarkers of Exposure to 57 Xenobiotics and Its Association with Oxidative Stress in a Population in Jeddah, Saudi Arabia”. Environ. Res. 2017, 153, 205. [Google Scholar] [CrossRef]

	



Lu, S.-Y.; Li, Y.-X.; Zhang, J.-Q.; Zhang, T.; Liu, G.-H.; Huang, M.-Z.; Li, X.; Ruan, J.-J.; Kannan, K.; Qiu, R.-L. Associations between Polycyclic Aromatic Hydrocarbon (PAH) Exposure and Oxidative Stress in People Living near e-Waste Recycling Facilities in China. Environ. Int. 2016, 94, 161–169. [Google Scholar] [CrossRef]

	



Heffernan, A.L.; Thompson, K.; Eaglesham, G.; Vijayasarathy, S.; Mueller, J.F.; Sly, P.D.; Gomez, M.J. Rapid, Automated Online SPE-LC-QTRAP-MS/MS Method for the Simultaneous Analysis of 14 Phthalate Metabolites and 5 Bisphenol Analogues in Human Urine. Talanta 2016, 151, 224–233. [Google Scholar] [CrossRef] [PubMed]

	



Liao, C.; Liu, F.; Alomirah, H.; Loi, V.D.; Mohd, M.A.; Moon, H.-B.; Nakata, H.; Kannan, K. Bisphenol S in Urine from the United States and Seven Asian Countries: Occurrence and Human Exposures. Environ. Sci. Technol. 2012, 46, 6860–6866. [Google Scholar] [CrossRef]

	



Eladak, S.; Grisin, T.; Moison, D.; Guerquin, M.-J.; N’Tumba-Byn, T.; Pozzi-Gaudin, S.; Benachi, A.; Livera, G.; Rouiller-Fabre, V.; Habert, R. A New Chapter in the Bisphenol A Story: Bisphenol S and Bisphenol F Are Not Safe Alternatives to This Compound. Fertil. Steril. 2015, 103, 11–21. [Google Scholar] [CrossRef]

	



Maćczak, A.; Cyrkler, M.; Bukowska, B.; Michałowicz, J. Bisphenol A, Bisphenol S, Bisphenol F and Bisphenol AF Induce Different Oxidative Stress and Damage in Human Red Blood Cells (in Vitro Study). Toxicology 2017, 41, 143–149. [Google Scholar] [CrossRef] [PubMed]

	



Chen, D.; Kannan, K.; Tan, H.; Zheng, Z.; Feng, Y.-L.; Wu, Y.; Widelka, M. Bisphenol Analogues Other Than BPA: Environmental Occurrence, Human Exposure, and Toxicity-A Review. Environ. Sci. Technol. 2016, 50, 5438–5453. [Google Scholar] [CrossRef] [PubMed]

	



Cabaton, N.; Zalko, D.; Rathahao, E.; Canlet, C.; Delous, G.; Chagnon, M.-C.; Cravedi, J.-P.; Perdu, E. Biotransformation of Bisphenol F by Human and Rat Liver Subcellular Fractions. Toxicology 2008, 22, 1697–1704. [Google Scholar] [CrossRef] [PubMed]

	



Rochester, J.R.; Bolden, A.L. Bisphenol S and F: A Systematic Review and Comparison of the Hormonal Activity of Bisphenol A Substitutes. Environ. Health Perspect. 2015, 123, 643–650. [Google Scholar] [CrossRef]

	



Andra, S.S.; Charisiadis, P.; Arora, M.; van Vliet-Ostaptchouk, J.V.; Makris, K.C. Biomonitoring of Human Exposures to Chlorinated Derivatives and Structural Analogs of Bisphenol A. Environ. Int. 2015, 85, 352–379. [Google Scholar] [CrossRef]

	



Usman, A.; Ahmad, M. Binding of Bisphenol-F, a Bisphenol Analogue, to Calf Thymus DNA by Multi-Spectroscopic and Molecular Docking Studies. Chemosphere 2017, 181, 536–543. [Google Scholar] [CrossRef] [PubMed]

	



Moreman, J.; Lee, O.; Trznadel, M.; David, A.; Kudoh, T.; Tyler, C.R. Acute Toxicity, Teratogenic, and Estrogenic Effects of Bisphenol A and Its Alternative Replacements Bisphenol S, Bisphenol F, and Bisphenol AF in Zebrafish Embryo-Larvae. Environ. Sci. Technol. 2017, 51, 12796–12805. [Google Scholar] [CrossRef] [PubMed]

	



Pelch, K.; Wignall, J.A.; Goldstone, A.E.; Ross, P.K.; Blain, R.B.; Shapiro, A.J.; Holmgren, S.D.; Hsieh, J.-H.; Svoboda, D.; Auerbach, S.S.; et al. A Scoping Review of the Health and Toxicological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives. Toxicology 2019, 424, 152235. [Google Scholar] [CrossRef]

	



Gill, S.; Kumara, V.M.R. Detecting Neurodevelopmental Toxicity of Domoic Acid and Ochratoxin A Using Rat Fetal Neural Stem Cells. Mar. Drugs 2019, 17, 566. [Google Scholar] [CrossRef]

	



Sholl, D.A. Dendritic Organization in the Neurons of the Visual and Motor Cortices of the Cat. J. Anat. 1953, 87, 387–406. [Google Scholar]

	



Gensel, J.C.; Schonberg, D.L.; Alexander, J.K.; McTigue, D.M.; Popovich, P.G. Semi-Automated Sholl Analysis for Quantifying Changes in Growth and Differentiation of Neurons and Glia. J. Neurosci. Methods 2010, 190, 71–79. [Google Scholar] [CrossRef] [PubMed]

	



Langhammer, C.G.; Previtera, M.L.; Sweet, E.S.; Sran, S.S.; Chen, M.; Firestein, B.L. Automated Sholl Analysis of Digitized Neuronal Morphology at Multiple Scales: Whole Cell Sholl Analysis versus Sholl Analysis of Arbor Subregions. Cytom. A 2010, 77, 1160–1168. [Google Scholar] [CrossRef]

	



Binley, K.E.; Ng, W.S.; Tribble, J.R.; Song, B.; Morgan, J.E. Sholl Analysis: A Quantitative Comparison of Semi-Automated Methods. J. Neurosci. Methods 2014, 225, 65–70. [Google Scholar] [CrossRef] [PubMed]

	



Bird, A.D.; Cuntz, H. Dissecting Sholl Analysis into Its Functional Components. Cell Rep. 2019, 27, 3081–3096.e5. [Google Scholar] [CrossRef] [PubMed]

	



Srinivasan, A.; Srinivasan, A.; Ferland, R.J. AutoSholl Allows for Automation of Sholl Analysis Independent of User Tracing. J. Neurosci. Methods 2020, 331, 108529. [Google Scholar] [CrossRef] [PubMed]

	



Mehder, R.H.; Bennett, B.M.; Andrew, R.D. Morphometric Analysis of Hippocampal and Neocortical Pyramidal Neurons in a Mouse Model of Late Onset Alzheimer’s Disease. J. Alzheimers Dis. 2020, 74, 1069–1083. [Google Scholar] [CrossRef] [PubMed]

	



Kim, W.; Won, S.-Y.; Yoon, B.-J. CRMP2 Mediates GSK3β Actions in the Striatum on Regulating Neuronal Structure and Mania-like Behavior. J. Affect. Disord. 2019, 245, 1079–1088. [Google Scholar] [CrossRef] [PubMed]

	



Gobran, J.; Rawlyk, B.; Henderson, D.C.; Hooper, M.L.; Farrell, S.R.M.; Chauhan, B.C. Effects of 3D Stratification of Retinal Ganglion Cells in Sholl Analysis. J. Neurosci. Methods 2020, 346, 108907. [Google Scholar] [CrossRef] [PubMed]

	



López-Cabrera, J.D.; Hernández-Pérez, L.A.; Orozco-Morales, R.; Lorenzo-Ginori, J.V. New Morphological Features Based on the Sholl Analysis for Automatic Classification of Traced Neurons. J. Neurosci. Methods 2020, 343, 108835. [Google Scholar] [CrossRef]

	



Reeves, A.M.B.; Shigetomi, E.; Khakh, B.S. Bulk Loading of Calcium Indicator Dyes to Study Astrocyte Physiology: Key Limitations and Improvements Using Morphological Maps. J. Neurosci. 2011, 31, 9353–9358. [Google Scholar] [CrossRef] [PubMed]

	



Wadhwa, M.; Chauhan, G.; Roy, K.; Sahu, S.; Deep, S.; Jain, V.; Kishore, K.; Ray, K.; Thakur, L.; Panjwani, U. Caffeine and Modafinil Ameliorate the Neuroinflammation and Anxious Behavior in Rats during Sleep Deprivation by Inhibiting the Microglia Activation. Front. Cell Neurosci. 2018, 12, 49. [Google Scholar] [CrossRef] [PubMed]

	



Diene, L.D.; Costa-Ferro, Z.S.M.; Barbosa, S.; Milanesi, B.B.; Lazzari, G.Z.; Neves, L.T.; Paz, L.V.; Neves, P.F.R.; Battisti, V.; Martins, L.A.; et al. Selective Brain Neuronal and Glial Losses without Changes in GFAP Immunoreactivity: Young versus Mature Adult Wistar Rats. Mech Ageing Dev. 2019, 182, 111128. [Google Scholar] [CrossRef] [PubMed]

	



Klein, M.; Lohr, C.; Droste, D. Age-Dependent Heterogeneity of Murine Olfactory Bulb Astrocytes. Front. Aging Neurosci. 2020, 12, 172. [Google Scholar] [CrossRef]

	



Gómez, G.I.; Falcon, R.V.; Maturana, C.J.; Labra, V.C.; Salgado, N.; Rojas, C.A.; Oyarzun, J.E.; Cerpa, W.; Quintanilla, R.A.; Orellana, J.A. Heavy Alcohol Exposure Activates Astroglial Hemichannels and Pannexons in the Hippocampus of Adolescent Rats: Effects on Neuroinflammation and Astrocyte Arborization. Front. Cell Neurosci. 2018, 12, 472. [Google Scholar] [CrossRef]

	



Miguel-Hidalgo, J.J.; Carter, K.; Deloach, P.H.; Sanders, L.; Pang, Y. Glucocorticoid-Induced Reductions of Myelination and Connexin 43 in Mixed Central Nervous System Cell Cultures Are Prevented by Mifepristone. Neuroscience 2019, 411, 255–269. [Google Scholar] [CrossRef]

	



Murtie, J.C.; Macklin, W.B.; Corfas, G. Morphometric Analysis of Oligodendrocytes in the Adult Mouse Frontal Cortex. J. Neurosci. Res. 2007, 85, 2080–2086. [Google Scholar] [CrossRef]

	



Flygt, J.; Ruscher, K.; Norberg, A.; Mir, A.; Gram, H.; Clausen, F.; Marklund, N. Neutralization of Interleukin-1β Following Diffuse Traumatic Brain Injury in the Mouse Attenuates the Loss of Mature Oligodendrocytes. J. Neurotrauma 2018, 35, 2837–2849. [Google Scholar] [CrossRef]

	



Janowska, J.; Gargas, J.; Ziemka-Nalecz, M.; Zalewska, T.; Sypecka, J. Oligodendrocyte Response to Pathophysiological Conditions Triggered by Episode of Perinatal Hypoxia-Ischemia: Role of IGF-1 Secretion by Glial Cells. Mol. Neurobiol. 2020, 57, 4250–4268. [Google Scholar] [CrossRef] [PubMed]

	



Chklovskii, D.B. Synaptic Connectivity and Neuronal Morphology: Two Sides of the Same Coin. Neuron 2004, 43, 609–617. [Google Scholar] [CrossRef] [PubMed]

	



Stepanyants, A.; Tamás, G.; Chklovskii, D.B. Class-Specific Features of Neuronal Wiring. Neuron 2004, 43, 251–259. [Google Scholar] [CrossRef] [PubMed]

	



Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat. Methods 2012, 9, 676–682. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, T.A.; Blackman, A.V.; Oyrer, J.; Jayabal, S.; Chung, A.J.; Watt, A.J.; Sjöström, P.J.; van Meyel, D.J. Neuronal Morphometry Directly from Bitmap Images. Nat. Methods 2014, 11, 982–984. [Google Scholar] [CrossRef]

	



Brewer, G.J.; Cotman, C.W. Survival and Growth of Hippocampal Neurons in Defined Medium at Low Density: Advantages of a Sandwich Culture Technique or Low Oxygen. Brain Res. 1989, 494, 65–74. [Google Scholar] [CrossRef]

	



Chen, Y.; Stevens, B.; Chang, J.; Milbrandt, J.; Barres, B.A.; Hell, J.W. NS21: Re-Defined and Modified Supplement B27 for Neuronal Cultures. J. Neurosci. Methods 2008, 171, 239–247. [Google Scholar] [CrossRef]

	



Shi, J.; Springer, S.; Escobar, P. Coupling Cytotoxicity Biomarkers with DNA Damage Assessment in TK6 Human Lymphoblast Cells. Mutat. Res. 2010, 696, 167–178. [Google Scholar] [CrossRef]

	



O’Donovan, M. A Critique of Methods to Measure Cytotoxicity in Mammalian Cell Genotoxicity Assays. Mutagenesis 2012, 27, 615–621. [Google Scholar] [CrossRef]

	



Shaltouki, A.; Peng, J.; Liu, Q.; Rao, M.S.; Zeng, X. Efficient Generation of Astrocytes from Human Pluripotent Stem Cells in Defined Conditions. Stem. Cells 2013, 31, 941–952. [Google Scholar] [CrossRef]

	



Sadowski, R.N.; Wise, L.M.; Park, P.Y.; Schantz, S.L.; Juraska, J.M. Early Exposure to Bisphenol A Alters Neuron and Glia Number in the Rat Prefrontal Cortex of Adult Males, but Not Females. Neuroscience 2014, 279, 122–131. [Google Scholar] [CrossRef] [PubMed]

	



Wise, L.M.; Sadowski, R.N.; Kim, T.; Willing, J.; Juraska, J.M. Long-Term Effects of Adolescent Exposure to Bisphenol A on Neuron and Glia Number in the Rat Prefrontal Cortex: Differences between the Sexes and Cell Type. Neurotoxicology 2016, 53, 186–192. [Google Scholar] [CrossRef] [PubMed]

	



Miyatake, M.; Miyagawa, K.; Mizuo, K.; Narita, M.; Suzuki, T. Dynamic Changes in Dopaminergic Neurotransmission Induced by a Low Concentration of Bisphenol-A in Neurones and Astrocytes. J. Neuroendocrinol. 2006, 18, 434–444. [Google Scholar] [CrossRef] [PubMed]

	



Janowska, J.; Ziemka-Nalecz, M.; Sypecka, J. The Differentiation of Rat Oligodendroglial Cells Is Highly Influenced by the Oxygen Tension: In Vitro Model Mimicking Physiologically Normoxic Conditions. Int. J. Mol. Sci. 2018, 19, 331. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Suk, K.; Kim, I.K.; Jang, I.-S.; Park, J.-W.; Johnson, V.J.; Kwon, T.K.; Choi, B.-J.; Kim, S.-H. Signaling Pathways of Bisphenol A-Induced Apoptosis in Hippocampal Neuronal Cells: Role of Calcium-Induced Reactive Oxygen Species, Mitogen-Activated Protein Kinases, and Nuclear Factor-KappaB. J. Neurosci. Res. 2008, 86, 2932–2942. [Google Scholar] [CrossRef]

	



Tiwari, S.K.; Agarwal, S.; Chauhan, L.K.S.; Mishra, V.N.; Chaturvedi, R.K. Bisphenol-A Impairs Myelination Potential during Development in the Hippocampus of the Rat Brain. Mol. Neurobiol. 2015, 51, 1395–1416. [Google Scholar] [CrossRef] [PubMed]

	



Tiwari, S.K.; Agarwal, S.; Seth, B.; Yadav, A.; Ray, R.S.; Mishra, V.N.; Chaturvedi, R.K. Inhibitory Effects of Bisphenol-A on Neural Stem Cells Proliferation and Differentiation in the Rat Brain Are Dependent on Wnt/β-Catenin Pathway. Mol. Neurobiol. 2015, 52, 1735–1757. [Google Scholar] [CrossRef]

	



Tiwari, S.K.; Agarwal, S.; Tripathi, A.; Chaturvedi, R.K. Bisphenol-A Mediated Inhibition of Hippocampal Neurogenesis Attenuated by Curcumin via Canonical Wnt Pathway. Mol. Neurobiol. 2016, 53, 3010–3029. [Google Scholar] [CrossRef]

	



Verbanck, M.; Canouil, M.; Leloire, A.; Dhennin, V.; Coumoul, X.; Yengo, L.; Froguel, P.; Poulain-Godefroy, O. Low-Dose Exposure to Bisphenols A, F and S of Human Primary Adipocyte Impacts Coding and Non-Coding RNA Profiles. PLoS ONE 2017, 12, e0179583. [Google Scholar] [CrossRef]

	



Cano-Nicolau, J.; Vaillant, C.; Pellegrini, E.; Charlier, T.D.; Kah, O.; Coumailleau, P. Estrogenic Effects of Several BPA Analogs in the Developing Zebrafish Brain. Front. Neurosci. 2016, 10, 112. [Google Scholar] [CrossRef]

	



Pellegrini, E.; Mouriec, K.; Anglade, I.; Menuet, A.; Le Page, Y.; Gueguen, M.-M.; Marmignon, M.-H.; Brion, F.; Pakdel, F.; Kah, O. Identification of Aromatase-Positive Radial Glial Cells as Progenitor Cells in the Ventricular Layer of the Forebrain in Zebrafish. J. Comp. Neurol. 2007, 501, 150–167. [Google Scholar] [CrossRef]

	



Coumailleau, P.; Kah, O. Expression of the Cyp19a1 Gene in the Adult Brain of Xenopus Is Neuronal and Not Sexually Dimorphic. Gen. Comp. Endocrinol. 2015, 221, 203–212. [Google Scholar] [CrossRef] [PubMed]

	



Diotel, N.; Vaillant, C.; Kah, O.; Pellegrini, E. Mapping of Brain Lipid Binding Protein (Blbp) in the Brain of Adult Zebrafish, Co-Expression with Aromatase B and Links with Proliferation. Gene Expr. Patterns 2016, 20, 42–54. [Google Scholar] [CrossRef] [PubMed]

	



Castro, B.; Sánchez, P.; Torres, J.M.; Preda, O.; del Moral, R.G.; Ortega, E. Bisphenol A Exposure during Adulthood Alters Expression of Aromatase and 5α-Reductase Isozymes in Rat Prostate. PLoS ONE 2013, 8, e55905. [Google Scholar] [CrossRef] [PubMed]

	



Huang, G.; Tian, X.; Fang, X.; Ji, F. Waterborne Exposure to Bisphenol F Causes Thyroid Endocrine Disruption in Zebrafish Larvae. Chemosphere 2016, 147, 188–194. [Google Scholar] [CrossRef] [PubMed]

	



Castro, B.; Sánchez, P.; Torres, J.M.; Ortega, E. Bisphenol A, Bisphenol F and Bisphenol S Affect Differently 5α-Reductase Expression and Dopamine-Serotonin Systems in the Prefrontal Cortex of Juvenile Female Rats. Environ. Res. 2015, 142, 281–287. [Google Scholar] [CrossRef] [PubMed]

	



Le Fol, V.; Aït-Aïssa, S.; Sonavane, M.; Porcher, J.-M.; Balaguer, P.; Cravedi, J.-P.; Zalko, D.; Brion, F. In Vitro and in Vivo Estrogenic Activity of BPA, BPF and BPS in Zebrafish-Specific Assays. Ecotoxicol. Environ. Saf. 2017, 142, 150–156. [Google Scholar] [CrossRef]

	



Ohtani, N.; Iwano, H.; Suda, K.; Tsuji, E.; Tanemura, K.; Inoue, H.; Yokota, H. Adverse Effects of Maternal Exposure to Bisphenol F on the Anxiety- and Depression-like Behavior of Offspring. J. Vet. Med. Sci. 2017, 79, 432–439. [Google Scholar] [CrossRef]

	



Molina-Molina, J.M.; Jiménez-Díaz, I.; Fernández, M.F.; Rodriguez-Carrillo, A.; Peinado, F.M.; Mustieles, V.; Barouki, R.; Piccoli, C.; Olea, N.; Freire, C. Determination of Bisphenol A and Bisphenol S Concentrations and Assessment of Estrogen- and Anti-Androgen-like Activities in Thermal Paper Receipts from Brazil, France, and Spain. Environ. Res. 2019, 170, 406–415. [Google Scholar] [CrossRef]

	



Wang, H.; Chang, L.; Aguilar, J.S.; Dong, S.; Hong, Y. Bisphenol-A Exposure Induced Neurotoxicity in Glutamatergic Neurons Derived from Human Embryonic Stem Cells. Environ. Int. 2019, 127, 324–332. [Google Scholar] [CrossRef]

	



vom Saal, F.S.; Welshons, W.V. Evidence That Bisphenol A (BPA) Can Be Accurately Measured without Contamination in Human Serum and Urine, and That BPA Causes Numerous Hazards from Multiple Routes of Exposure. Mol. Cell. Endocrinol. 2014, 398, 101–113. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Miao, M.; Zhou, Z.; Gao, E.; Chen, J.; Wang, J.; Sun, F.; Yuan, W.; Li, D.-K. Exposure to Bisphenol-A and Reproductive Hormones among Male Adults. Environ. Toxicol. Pharmacol. 2015, 39, 934–941. [Google Scholar] [CrossRef] [PubMed]

	



He, Y.; Miao, M.; Wu, C.; Yuan, W.; Gao, E.; Zhou, Z.; Li, D.-K. Occupational Exposure Levels of Bisphenol A among Chinese Workers. J. Occup. Health 2009, 51, 432–436. [Google Scholar] [CrossRef]

	



Xiao, G.; Wang, R.; Cai, Y.; He, G.; Zhou, Z. Effect of bisphenol A on semen quality of exposed workers: A pilot study. Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za Zhi 2009, 27, 741–743. [Google Scholar] [PubMed]

	



Padmanabhan, V.; Siefert, K.; Ransom, S.; Johnson, T.; Pinkerton, J.; Anderson, L.; Tao, L.; Kannan, K. Maternal Bisphenol-A Levels at Delivery: A Looming Problem? J. Perinatol. 2008, 28, 258–263. [Google Scholar] [CrossRef]

	



Schönfelder, G.; Wittfoht, W.; Hopp, H.; Talsness, C.E.; Paul, M.; Chahoud, I. Parent Bisphenol A Accumulation in the Human Maternal-Fetal-Placental Unit. Environ. Health Perspect. 2002, 110, A703–A707. [Google Scholar] [CrossRef] [PubMed]

	



Ikezuki, Y.; Tsutsumi, O.; Takai, Y.; Kamei, Y.; Taketani, Y. Determination of Bisphenol A Concentrations in Human Biological Fluids Reveals Significant Early Prenatal Exposure. Hum. Reprod. 2002, 17, 2839–2841. [Google Scholar] [CrossRef]

	



Grohs, M.N.; Reynolds, J.E.; Liu, J.; Martin, J.W.; Pollock, T.; Lebel, C.; Dewey, D. APrON Study Team Prenatal Maternal and Childhood Bisphenol a Exposure and Brain Structure and Behavior of Young Children. Environ. Health 2019, 18, 85. [Google Scholar] [CrossRef]

	



Cheng, C.Y.; Wong, E.W.; Lie, P.P.; Li, M.W.; Mruk, D.D.; Yan, H.H.; Mok, K.-W.; Mannu, J.; Mathur, P.P.; Lui, W.-Y.; et al. Regulation of Blood-Testis Barrier Dynamics by Desmosome, Gap Junction, Hemidesmosome and Polarity Proteins: An Unexpected Turn of Events. Spermatogenesis 2011, 1, 105–115. [Google Scholar] [CrossRef]

	



Nishikawa, M.; Iwano, H.; Yanagisawa, R.; Koike, N.; Inoue, H.; Yokota, H. Placental Transfer of Conjugated Bisphenol A and Subsequent Reactivation in the Rat Fetus. Environ. Health Perspect. 2010, 118, 1196–1203. [Google Scholar] [CrossRef] [PubMed]

	



Negri-Cesi, P. Bisphenol A Interaction With Brain Development and Functions. Dose Response 2015, 13. [Google Scholar] [CrossRef]

	



Li, H.; Ding, C.; Ding, Z.-L.; Ling, M.; Wang, T.; Wang, W.; Huang, B. 17β-Oestradiol Promotes Differentiation of Human Embryonic Stem Cells into Dopamine Neurons via Cross-Talk between Insulin-like Growth Factors-1 and Oestrogen Receptor β. J. Cell. Mol. Med. 2017, 21, 1605–1618. [Google Scholar] [CrossRef] [PubMed]

	



Fujiwara, Y.; Miyazaki, W.; Koibuchi, N.; Katoh, T. The Effects of Low-Dose Bisphenol A and Bisphenol F on Neural Differentiation of a Fetal Brain-Derived Neural Progenitor Cell Line. Front. Endocrinol. 2018, 9, 24. [Google Scholar] [CrossRef] [PubMed]

	



Varshney, M.K.; Inzunza, J.; Lupu, D.; Ganapathy, V.; Antonson, P.; Rüegg, J.; Nalvarte, I.; Gustafsson, J.-Å. Role of Estrogen Receptor Beta in Neural Differentiation of Mouse Embryonic Stem Cells. Proc. Natl. Acad. Sci. USA 2017, 114, E10428–E10437. [Google Scholar] [CrossRef]

	



D’Errico, F.; Goverse, G.; Dai, Y.; Wu, W.; Stakenborg, M.; Labeeuw, E.; De Simone, V.; Verstockt, B.; Gomez-Pinilla, P.J.; Warner, M.; et al. Estrogen Receptor β Controls Proliferation of Enteric Glia and Differentiation of Neurons in the Myenteric Plexus after Damage. Proc. Natl. Acad. Sci. USA 2018, 115, 5798–5803. [Google Scholar] [CrossRef]

	



Jensen, T.K.; Mustieles, V.; Bleses, D.; Frederiksen, H.; Trecca, F.; Schoeters, G.; Andersen, H.R.; Grandjean, P.; Kyhl, H.B.; Juul, A.; et al. Prenatal Bisphenol A Exposure Is Associated with Language Development but Not with ADHD-Related Behavior in Toddlers from the Odense Child Cohort. Environ. Res. 2019, 170, 398–405. [Google Scholar] [CrossRef]

	



Bernstein, H.-G.; Steiner, J.; Guest, P.C.; Dobrowolny, H.; Bogerts, B. Glial Cells as Key Players in Schizophrenia Pathology: Recent Insights and Concepts of Therapy. Schizophr. Res. 2015, 161, 4–18. [Google Scholar] [CrossRef] [PubMed]

	



Raabe, F.J.; Galinski, S.; Papiol, S.; Falkai, P.G.; Schmitt, A.; Rossner, M.J. Studying and Modulating Schizophrenia-Associated Dysfunctions of Oligodendrocytes with Patient-Specific Cell Systems. NPJ Schizophr. 2018, 4, 23. [Google Scholar] [CrossRef] [PubMed]

	



Gandal, M.J.; Haney, J.R.; Parikshak, N.N.; Leppa, V.; Ramaswami, G.; Hartl, C.; Schork, A.J.; Appadurai, V.; Buil, A.; Werge, T.M.; et al. Shared Molecular Neuropathology across Major Psychiatric Disorders Parallels Polygenic Overlap. Science 2018, 359, 693–697. [Google Scholar] [CrossRef] [PubMed]

	



Harley, K.G.; Gunier, R.B.; Kogut, K.; Johnson, C.; Bradman, A.; Calafat, A.M.; Eskenazi, B. Prenatal and Early Childhood Bisphenol A Concentrations and Behavior in School-Aged Children. Environ. Res. 2013, 126, 43–50. [Google Scholar] [CrossRef]

	



Mustieles, V.; Pérez-Lobato, R.; Olea, N.; Fernández, M.F. Bisphenol A: Human Exposure and Neurobehavior. Neurotoxicology 2015, 49, 174–184. [Google Scholar] [CrossRef] [PubMed]

	



Casas, M.; Forns, J.; Martínez, D.; Avella-García, C.; Valvi, D.; Ballesteros-Gómez, A.; Luque, N.; Rubio, S.; Julvez, J.; Sunyer, J.; et al. Exposure to Bisphenol A during Pregnancy and Child Neuropsychological Development in the INMA-Sabadell Cohort. Environ. Res. 2015, 142, 671–679. [Google Scholar] [CrossRef]

	



Roen, E.L.; Wang, Y.; Calafat, A.M.; Wang, S.; Margolis, A.; Herbstman, J.; Hoepner, L.A.; Rauh, V.; Perera, F.P. Bisphenol A Exposure and Behavioral Problems among Inner City Children at 7–9 Years of Age. Environ. Res. 2015, 142, 739–745. [Google Scholar] [CrossRef]

	



Perera, F.; Nolte, E.L.R.; Wang, Y.; Margolis, A.E.; Calafat, A.M.; Wang, S.; Garcia, W.; Hoepner, L.A.; Peterson, B.S.; Rauh, V.; et al. Bisphenol A Exposure and Symptoms of Anxiety and Depression among Inner City Children at 10–12 Years of Age. Environ. Res. 2016, 151, 195–202. [Google Scholar] [CrossRef]

	



de Cock, M.; Maas, Y.G.H.; van de Bor, M. Does Perinatal Exposure to Endocrine Disruptors Induce Autism Spectrum and Attention Deficit Hyperactivity Disorders? Review. Acta Paediatr. 2012, 101, 811–818. [Google Scholar] [CrossRef] [PubMed]

	



Stein, T.P.; Schluter, M.D.; Steer, R.A.; Guo, L.; Ming, X. Bisphenol A Exposure in Children With Autism Spectrum Disorders. Autism Res. 2015, 8, 272–283. [Google Scholar] [CrossRef]

	



Johnson, S.A.; Javurek, A.B.; Painter, M.S.; Ellersieck, M.R.; Welsh, T.H.; Camacho, L.; Lewis, S.M.; Vanlandingham, M.M.; Ferguson, S.A.; Rosenfeld, C.S. Effects of Developmental Exposure to Bisphenol A on Spatial Navigational Learning and Memory in Rats: A CLARITY-BPA Study. Horm Behav. 2016, 80, 139–148. [Google Scholar] [CrossRef] [PubMed]

	



Rahbar, M.H.; Swingle, H.M.; Christian, M.A.; Hessabi, M.; Lee, M.; Pitcher, M.R.; Campbell, S.; Mitchell, A.; Krone, R.; Loveland, K.A.; et al. Environmental Exposure to Dioxins, Dibenzofurans, Bisphenol A, and Phthalates in Children with and without Autism Spectrum Disorder Living near the Gulf of Mexico. Int. J. Environ. Res. Public Health 2017, 14, 1425. [Google Scholar] [CrossRef] [PubMed]

	



Rosenfeld, C.S. Neuroendocrine Disruption in Animal Models Due to Exposure to Bisphenol A Analogues. Front. Neuroendocrinol. 2017, 47, 123–133. [Google Scholar] [CrossRef] [PubMed]

	



Thongkorn, S.; Kanlayaprasit, S.; Jindatip, D.; Tencomnao, T.; Hu, V.W.; Sarachana, T. Sex Differences in the Effects of Prenatal Bisphenol A Exposure on Genes Associated with Autism Spectrum Disorder in the Hippocampus. Sci. Rep. 2019, 9, 3038. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, W.; Liu, S.; Yang, F.; Dong, P.; Yang, M.; Wong, M.; Zheng, C. Metabolism Disruption Analysis of Zebrafish Larvae in Response to BPA and BPA Analogs Based on RNA-Seq Technique. Ecotoxicol. Environ. Saf. 2019, 174, 181–188. [Google Scholar] [CrossRef]

	



Mesnage, R.; Phedonos, A.; Arno, M.; Balu, S.; Corton, J.C.; Antoniou, M.N. Editor’s Highlight: Transcriptome Profiling Reveals Bisphenol A Alternatives Activate Estrogen Receptor Alpha in Human Breast Cancer Cells. Toxicol. Sci. 2017, 158, 431–443. [Google Scholar] [CrossRef]

	



Kojima, H.; Takeuchi, S.; Sanoh, S.; Okuda, K.; Kitamura, S.; Uramaru, N.; Sugihara, K.; Yoshinari, K. Profiling of Bisphenol A and Eight Its Analogues on Transcriptional Activity via Human Nuclear Receptors. Toxicology 2019, 413, 48–55. [Google Scholar] [CrossRef]

	



Li, R.; Liu, S.; Qiu, W.; Yang, F.; Zheng, Y.; Xiong, Y.; Li, G.; Zheng, C. Transcriptomic Analysis of Bisphenol AF on Early Growth and Development of Zebrafish (Danio Rerio) Larvae. Environ. Sci. Ecotechnol. 2020, 4, 100054. [Google Scholar] [CrossRef]

	



Bruno, K.A.; Mathews, J.E.; Yang, A.L.; Frisancho, J.A.; Scott, A.J.; Greyner, H.D.; Molina, F.A.; Greenaway, M.S.; Cooper, G.M.; Bucek, A.; et al. BPA Alters Estrogen Receptor Expression in the Heart After Viral Infection Activating Cardiac Mast Cells and T Cells Leading to Perimyocarditis and Fibrosis. Front. Endocrinol. 2019, 10, 598. [Google Scholar] [CrossRef] [PubMed]

	



Denley, M.C.S.; Gatford, N.J.F.; Sellers, K.J.; Srivastava, D.P. Estradiol and the Development of the Cerebral Cortex: An Unexpected Role? Front. Neurosci. 2018, 12, 245. [Google Scholar] [CrossRef]

	



MacKay, H.; Abizaid, A. A Plurality of Molecular Targets: The Receptor Ecosystem for Bisphenol-A (BPA). Horm. Behav. 2018, 101, 59–67. [Google Scholar] [CrossRef] [PubMed]

	



Ho, D.M.; Artavanis-Tsakonas, S.; Louvi, A. The Notch Pathway in CNS Homeostasis and Neurodegeneration. Wiley Interdiscip. Rev. Dev. Biol. 2020, 9, e358. [Google Scholar] [CrossRef]

	



Zhu, M.; Niu, Y.; Li, Y.; Dong, M.; Li, J.; Zeng, R.; Qin, Z. Low Concentrations of Tetrabromobisphenol A Disrupt Notch Signaling and Intestinal Development in in Vitro and in Vivo Models. Chem. Res. Toxicol. 2020, 33, 1418–1427. [Google Scholar] [CrossRef] [PubMed]

	



Siebel, C.; Lendahl, U. Notch Signaling in Development, Tissue Homeostasis, and Disease. Physiol. Rev. 2017, 97, 1235–1294. [Google Scholar] [CrossRef] [PubMed]

	



Okada, M.; Murase, K.; Makino, A.; Nakajima, M.; Kaku, T.; Furukawa, S.; Furukawa, Y. Effects of Estrogens on Proliferation and Differentiation of Neural Stem/Progenitor Cells. Biomed. Res. 2008, 29, 163–170. [Google Scholar] [CrossRef] [PubMed]

	



Okada, M.; Makino, A.; Nakajima, M.; Okuyama, S.; Furukawa, S.; Furukawa, Y. Estrogen Stimulates Proliferation and Differentiation of Neural Stem/Progenitor Cells through Different Signal Transduction Pathways. Int. J. Mol. Sci. 2010, 11, 4114–4123. [Google Scholar] [CrossRef]

	



Kinch, C.D.; Ibhazehiebo, K.; Jeong, J.-H.; Habibi, H.R.; Kurrasch, D.M. Low-Dose Exposure to Bisphenol A and Replacement Bisphenol S Induces Precocious Hypothalamic Neurogenesis in Embryonic Zebrafish. Proc. Natl. Acad. Sci. USA 2015, 112, 1475–1480. [Google Scholar] [CrossRef] [PubMed]

	



Baba, K.; Okada, K.; Kinoshita, T.; Imaoka, S. Bisphenol A Disrupts Notch Signaling by Inhibiting Gamma-Secretase Activity and Causes Eye Dysplasia of Xenopus Laevis. Toxicol. Sci. 2009, 108, 344–355. [Google Scholar] [CrossRef]

	



Yang, C.-W.; Chou, W.-C.; Chen, K.-H.; Cheng, A.-L.; Mao, I.-F.; Chao, H.-R.; Chuang, C.-Y. Visualized Gene Network Reveals the Novel Target Transcripts Sox2 and Pax6 of Neuronal Development in Trans-Placental Exposure to Bisphenol A. PLoS ONE 2014, 9, e100576. [Google Scholar] [CrossRef] [PubMed]

	



Imaoka, S.; Mori, T.; Kinoshita, T. Bisphenol A Causes Malformation of the Head Region in Embryos of Xenopus Laevis and Decreases the Expression of the ESR-1 Gene Mediated by Notch Signaling. Biol. Pharm. Bull. 2007, 30, 371–374. [Google Scholar] [CrossRef] [PubMed]

	



Liang, X.; Yin, N.; Liang, S.; Yang, R.; Liu, S.; Lu, Y.; Jiang, L.; Zhou, Q.; Jiang, G.; Faiola, F. Bisphenol A and Several Derivatives Exert Neural Toxicity in Human Neuron-like Cells by Decreasing Neurite Length. Food Chem. Toxicol. 2020, 135, 111015. [Google Scholar] [CrossRef] [PubMed]

	



Demitrack, E.S.; Samuelson, L.C. Notch Regulation of Gastrointestinal Stem Cells. J. Physiol. 2016, 594, 4791–4803. [Google Scholar] [CrossRef]

	



Engler, A.; Zhang, R.; Taylor, V. Notch and Neurogenesis. Adv. Exp. Med. Biol. 2018, 1066, 223–234. [Google Scholar] [CrossRef]

	



Basak, O.; Giachino, C.; Fiorini, E.; Macdonald, H.R.; Taylor, V. Neurogenic Subventricular Zone Stem/Progenitor Cells Are Notch1-Dependent in Their Active but Not Quiescent State. J. Neurosci. 2012, 32, 5654–5666. [Google Scholar] [CrossRef]

	



Breunig, J.J.; Silbereis, J.; Vaccarino, F.M.; Sestan, N.; Rakic, P. Notch Regulates Cell Fate and Dendrite Morphology of Newborn Neurons in the Postnatal Dentate Gyrus. Proc. Natl. Acad. Sci. USA 2007, 104, 20558–20563. [Google Scholar] [CrossRef] [PubMed]

	



Kopan, R.; Ilagan, M.X.G. The Canonical Notch Signaling Pathway: Unfolding the Activation Mechanism. Cell 2009, 137, 216–233. [Google Scholar] [CrossRef] [PubMed]

	



Mizutani, K.; Yoon, K.; Dang, L.; Tokunaga, A.; Gaiano, N. Differential Notch Signalling Distinguishes Neural Stem Cells from Intermediate Progenitors. Nature 2007, 449, 351–355. [Google Scholar] [CrossRef] [PubMed]

	



Kageyama, R.; Ohtsuka, T.; Kobayashi, T. Roles of Hes Genes in Neural Development. Dev. Growth Differ. 2008, 50 (Suppl. 1), S97–S103. [Google Scholar] [CrossRef] [PubMed]

	



Tandon, A.; Singh, S.J.; Gupta, M.; Singh, N.; Shankar, J.; Arjaria, N.; Goyal, S.; Chaturvedi, R.K. Notch Pathway Up-Regulation via Curcumin Mitigates Bisphenol-A (BPA) Induced Alterations in Hippocampal Oligodendrogenesis. J. Hazard. Mater. 2020, 392, 122052. [Google Scholar] [CrossRef] [PubMed]

	



Shimojo, H.; Ohtsuka, T.; Kageyama, R. Dynamic Expression of Notch Signaling Genes in Neural Stem/Progenitor Cells. Front. Neurosci. 2011, 5, 78. [Google Scholar] [CrossRef]

	



Artavanis-Tsakonas, S.; Rand, M.D.; Lake, R.J. Notch Signaling: Cell Fate Control and Signal Integration in Development. Science 1999, 284, 770–776. [Google Scholar] [CrossRef]

	



Murata, M.; Kang, J.-H. Bisphenol A (BPA) and Cell Signaling Pathways. Biotechnol. Adv. 2018, 36, 311–327. [Google Scholar] [CrossRef]

	



Xu, X.; Lu, Y.; Zhang, G.; Chen, L.; Tian, D.; Shen, X.; Yang, Y.; Dong, F. Bisphenol A Promotes Dendritic Morphogenesis of Hippocampal Neurons through Estrogen Receptor-Mediated ERK1/2 Signal Pathway. Chemosphere 2014, 96, 129–137. [Google Scholar] [CrossRef]

	



Alberi, L.; Liu, S.; Wang, Y.; Badie, R.; Smith-Hicks, C.; Wu, J.; Pierfelice, T.J.; Abazyan, B.; Mattson, M.P.; Kuhl, D.; et al. Activity-Induced Notch Signaling in Neurons Requires Arc/Arg3.1 and Is Essential for Synaptic Plasticity in Hippocampal Networks. Neuron 2011, 69, 437–444. [Google Scholar] [CrossRef]

	



Ding, X.-F.; Gao, X.; Ding, X.-C.; Fan, M.; Chen, J. Postnatal Dysregulation of Notch Signal Disrupts Dendrite Development of Adult-Born Neurons in the Hippocampus and Contributes to Memory Impairment. Sci. Rep. 2016, 6, 25780. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 10 00793 g001 550] 





Figure 1. Different concentrations of Bisphenol A (BPA) or Bisphenol F (BPF) affect the morphological differentiation process of rNSCs into astrocytes. The rNSCs grown in astrocyte directed-differentiation media in the presence of or absence of BPA or BPF for a seven day period. Differentiated astrocytes were visualized with astrocyte-specific protein-marker Glial Fibrillary-Acidic-Protein (GFAP) and nuclei fluorescent-marker DAPI. The fluorescent images shown are representative images of astrocyte differentiation (A) in the absence of BPA (control), (B) in the presence of 50 μM BPA, (C) 100 μM BPA; (D) in the absence of BPF (control), (E) in the presence 50 μM BPF, and (F) 100 μM BPF. Arrows indicate protoplasmic (small P) and fibrous (small F) astrocytes. Scale bar indicates 200 μm at 20× magnification. 
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Figure 2. Upper panel images illustrate the effects of BPA or BPF on stem cell properties of rNSCs cultured in NSC growth medium for a seven day period. Subsequently, rNSCs were immunostained with stem cell specific protein-marker Nestin and nuclei stained with DAPI. (A) Fluorescent and phase-contrast overlapped image of control rNSC cells. (B) Fluorescent image of 50 µM BPF treated rNSCs, and (C) fluorescent and phase-contrast overlapped image of 50 µM BPA treated rNSCs. The lower panel illustrates representative images of morphologically different types of astrocytes differentiated from rNSC cultured in astrocyte directed-differentiation medium for seven days in relevant controls. Astrocytes differentiated from rNSCs were immunostained with specific marker GFAP and nuclei stained with DAPI. (D) Protoplasmic [P], (E) fibrous [FI], and varicose projection [V] and (F) interlaminar [I] type astrocytes. Scale bar indicates 200 μm at 20× magnification. 
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Figure 3. Effects of different doses of BPA or BPF on the morphological differentiation of rNSCs into neurons. rNSCs grown in neuron directed-differentiation media in the absence or presence of BPA or BPF for a seven day period. Differentiated neurons were visualized with specific neuronal protein-marker MAP2 and nuclei marker DAPI. The images shown are representative fluorescent-images of differentiated neurons (A) without BPA (control), (B) with 50 μM of BPA, (C) with 100 μM of BPA; (D) without BPF (control), (E) with 50 μM of BPF, and (F) with 100 μM of BPF. Arrows indicate mature neurons with characteristic morphology (M) and immature neurons without characteristic morphology (I). Scale bar indicates 200 μm at 20× magnification. 
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Figure 4. Effects of different doses of BPA or BPF on the morphological differentiation of rNSCs into oligodendrocytes. The rNSC cultured in oligodendrocyte directed differentiation media in the presence or absence of BPA or BPF for 7 days. Differentiated oligodendrocytes were visualized with oligodendrocyte-specific protein-marker mGalC and nuclei specific-marker DAPI. The images shown are representative fluorescent images of oligodendrocyte differentiation (A) in the absence of BPA (control), (B) in the presence of 50 μM BPA, (C) 100 μM BPA; (D) in the absence of BPF (control), (E) in the presence of 50 μM BPF, and (F) 100 μM BPF. Scale bar indicates 200 μm at 20× magnification. 
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Figure 5. Effects of different concentrations of Bisphenol A (BPA) or Bisphenol F (BPF) treated for seven days, on the %differentiation of rNSC in the relevant cell-specific directed-differentiation medium. The %differentiation was enumerated as an index of the differentiation process of rNSCs into astrocytes (A,B), neurons (C,D), and oligodendrocytes (E,F), respectively. Control groups cells were differentiated into relevant cell types in the absence of BPA or BPF (0 µM). Differentiated astrocytes neurons and oligodendrocytes were visualized with cell-specific protein-markers GFAP, MAP2, and mGalc, respectively. Fluorescent, DAPI, and phase-contrast superimposed images were used for the quantification of the normal mature cell, and immature or abnormal cell types of each cell category. Each data point represents mean ± SE; + p < 0.05, ++, # p < 0.01, +++, ## p < 0.001 compared with the relevant controls. 
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[image: Cells 10 00793 g005]







[image: Cells 10 00793 g006 550] 





Figure 6. Effects of BPA or BPF on percentage differentiation of rNSCs into total immature or abnormal astrocytes, neurons, and oligodendrocytes as whole groups (pooled concentration-response-data). The %differentiation was enumerated as an index of the differentiation process of rNSCs into immature or abnormal (A) astrocyte, (B) neurons, and (C) oligodendrocytes (D) overall effects of BPA or BPF on all 3-types of cells (pooled immature or abnormal astrocytes, neurons, oligodendrocytes), respectively. Differentiated astrocytes, neurons, and oligodendrocytes visualized by cell-specific protein-marker GFAP, MAP2, and mGalc, respectively. Morphology with neurites in fluorescent, DAPI, and phase contrast superimposed images were used to quantify the immature or abnormal cells of each cell category. Each data point represents mean ± SE; *** p < 0.001 compared with the relevant control groups. 
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Figure 7. Effects of different concentrations of Bisphenol A (BPA) or Bisphenol F (BPF) treatment for seven days on cell proliferation of differentiating rNSCs into astrocytes, neurons, and oligodendrocytes. The “total number of cells % control” was enumerated as an index of cell proliferation in, (B,C) astrocytes, (E,F) neurons, and (H,I) oligodendrocytes, respectively. Group-wise comparisons of BPA and BPF for astrocytes (A), neurons (D), and oligodendrocytes (G) are illustrated. Differentiated astrocytes, neurons, and oligodendrocytes were stained with specific protein-markers GFAP, MAP2-clone-AP18, and mGalc, respectively. DAPI stained nuclei of fluorescent and phase-contrast superimposed images were enumerated as “the total number of cells %control” of each cell category. “Total No of Cells %control” = (No of total nuclei of treated cells ÷No of total nuclei of control cells) × 100. Each data point represent mean ± SE; * p < 0.05, ** p < 0.01, ***, +++ p < 0.001 compared with the relevant control groups. 
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Figure 8. Effects of BPA or BPF treated for seven days on morphological changes of astrocytes and oligodendrocytes differentiated from rNSCs in relevant cell-specific directed differentiation medium. Differentiated astrocytes and oligodendrocytes were visualized with specific protein-marker GFAP and mGalc, respectively, and nuclei stained with DAPI. Fluorescent signals were segmented using the threshold tool and converted to binary mask for tracing complete cell morphology. Representative overlapped image of the rNSC differentiated into astrocytes in the absence of BPF (A—control) and the presence of 100 µM BPF (C). Relevant “Sholl analysis binary images” of traced astrocytes in the absence of BPF (B—control) and the presence of 100 µM BPF (D). Traced astrocytes with “simple neurite tracer” are in pink. Representative image of the rNSC differentiated into oligodendrocytes in the absence of BPA (E—control) and the presence of 100 µM BPA (G). Relevant “Sholl analysis binary images” of traced oligodendrocytes in the absence of BPA (F—control) and the presence of 100 µM BPA (H). Scale bar indicates 200 μm at 20× magnification. 
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Figure 9. Effects of different doses of BPA or BPF treatment for seven days on morphometric analysis of astrocytes, oligodendrocytes, and neurons differentiated from rNSCs in relevant cell-specific directed differentiation medium. The number of intersections between the cellular processes and “Sholl circle” was used as an index of morphological changes of astrocytes differentiated from rNSCs (A,B), oligodendrocytes (C,D), and neurons (E,F). Differentiated astrocytes (n = 216–222 per group), oligodendrocytes (n = 178–180 per group), and neurons (n = 271–261 per group) were stained with specific markers GFAP, mGalc, and MAP2, respectively, and nuclei stained with DAPI. Fluorescent signals were segmented and transformed into a binary mask for tracing complete cell morphology. Traced cell images were subjected to morphometric Sholl analysis to enumerate a number of intersection in each “Sholl circle”. Multiple comparisons of the number of intersections within 3 μm to 48 μm regions of astrocytes, oligodendrocytes, and neurons differentiated in the presence and absence of BPA or BPF are illustrated. Data shown are mean ± SE; * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the relevant control groups. 
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Figure 10. Effects of different concentrations of BPA or BPF treated for seven days on morphometric analysis of astrocytes, oligodendrocytes, and neurons differentiated from rNSCs in relevant cell-specific directed differentiation medium. The sum of intersections of cellular processes per cell was used as an index of morphological changes of astrocytes (A,B), oligodendrocytes (C,D), and neurons (E,F). Differentiated astrocytes (n = 15–19 per group), oligodendrocytes (n = 11–18 per group), and neurons (n = 18–29 per group) were visualized with specific protein-marker GFAP, mGalc, and MAP2, respectively, and nuclei stained with DAPI. Fluorescent signals were segmented and transformed to binary mask for tracing complete cell morphology. Traced cell images were subjected to Sholl analysis to enumerate the sum of intersections per cell. Each data points represents mean ± SE; ** p < 0.01, *** p < 0.001 compared with the relevant control groups. # p < 0.05 compared with 100 μM BPA treated group. 
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