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Ethanol exposure in neonatal mice induces acute neurodegeneration followed by long-lasting glial activation and GABAergic cell deficits along with behavioral abnormalities, providing a third trimester model of fetal alcohol spectrum disorders (FASD). Retinoic acid (RA), the active form of vitamin A, regulates transcription of RA-responsive genes and plays essential roles in the development of embryos and their CNS. Ethanol has been shown to disturb RA metabolism and signaling in the developing brain, which may be a cause of ethanol toxicity leading to FASD. Using an agonist and an antagonist specific to RA receptor α (RARα), we studied how RA/RARα signaling affects acute and long-lasting neurodegeneration and activation of phagocytic cells and astrocytes caused by ethanol administered to neonatal mice. We found that an RARα antagonist (BT382) administered 30 min before ethanol injection into postnatal day 7 (P7) mice partially blocked acute neurodegeneration as well as elevation of CD68-positive phagocytic cells in the same brain area. While an RARα agonist (BT75) did not affect acute neurodegeneration, BT75 given either before or after ethanol administration ameliorated long-lasting astrocyte activation and GABAergic cell deficits in certain brain regions. Our studies using Nkx2.1-Cre;Ai9 mice, in which major GABAergic neurons and their progenitors in the cortex and the hippocampus are labeled with constitutively expressed tdTomato fluorescent protein, indicate that the long-lasting GABAergic cell deficits are mainly caused by P7 ethanol-induced initial neurodegeneration. However, the partial reduction of prolonged GABAergic cell deficits and glial activation by post-ethanol BT75 treatment suggests that, in addition to the initial cell death, there may be delayed cell death or disturbed development of GABAergic cells, which is partially rescued by BT75. Since RARα agonists including BT75 have been shown to exert anti-inflammatory effects, BT75 may rescue GABAergic cell deficits by reducing glial activation/neuroinflammation.
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Introduction

Prenatal alcohol exposure causes adverse effects on fetal development especially in the brain, leading to fetal alcohol spectrum disorders (FASDs) in offspring. FASD neuropathology includes volume reduction in the corpus callosum, cerebral cortex, cerebellum, and subcortical structures such as the hippocampus, basal ganglia, amygdala, and thalamus, which associate with cognitive and behavioral abnormalities (Riley and McGee, 2005; Astley et al., 2009; May et al., 2009; Norman et al., 2009; Riley et al., 2011; May et al., 2014). While many factors can be involved in pathogenesis of FASD, retinoic acid (RA) signaling has been considered an important factor, based on clinical studies as well as studies using animal models for FASD (Duester, 1991; Johnson et al., 2007; Sapin, 2008; Kane et al., 2010; Young et al., 2014; Fainsod et al., 2020). RA, the active form of vitamin A, regulates transcription of RA-responsive genes via nuclear RA receptor (RAR)-α,β,ɣ and retinoid X receptor (RXR)-α,β,ɣ activation along with less frequent non-genomic regulation and plays essential roles in development of embryos and their CNS as well as in adult tissue homeostasis (Mey and Mccaffery, 2004; Niederreither and Dollé, 2008; Crandall et al., 2011; Rhinn and Dollé, 2012; Shearer et al., 2012; Haushalter et al., 2017; Dowling, 2020). Temporal and spatial RA distribution within embryonic cell population seems to be precisely controlled by dynamic expression patterns of synthesizing/metabolizing enzymes (Niederreither and Dollé, 2008; Rhinn and Dollé, 2012), and insufficient or excess RA causes teratogenic and/or toxic effects, which mimic the ethanol effects on the developing brain (Wolf, 2010; Fainsod et al., 2020). It has been shown that ethanol reduces RA levels due to the competition between ethanol clearance and RA biosynthesis (Duester, 1991; Johnson et al., 2007; Fainsod et al., 2020). The reduction in RA induces multiple deficits similar to FASD in both patients and animal models, and addition of RA or RA synthesizing enzymes restores the deficits in adult or embryonic brains of several species (Yelin et al., 2005; Johnson et al., 2007; Marrs et al., 2010; Shabtai et al., 2018). On the other hand, several reports indicate that both acute and chronic alcohol elevate RA in adult and fetal brain (Kane et al., 2010) and in the developing or adult cerebellum (McCaffery et al., 2004), and an antagonist of RARβ suppresses RARβ expression and reverses chronic ethanol-induced cognitive impairment (Alfos et al., 2001). The discrepancy may be due to the differences in the age and alcohol administration conditions.

Ethanol exposure in neonatal rodents causes acute neurodegeneration as well as long-lasting neuroanatomical and behavioral deficits, providing a third trimester binge drinking model. Previous studies have demonstrated that ethanol exposure in the P7 mouse brain induces robust acute neurodegeneration within 24 h in many brain regions especially in the cingulate and retrosplenial cortex and the thalamus (Olney et al., 2002a; Saito et al., 2007). These brain regions belong to the extended hippocampus circuitry important for spatial learning and memory functions, which may explain profound learning and memory deficits observed in this mouse model of FASD (Wozniak et al., 2004). The acute neurodegeneration detected by cleaved caspase 3 expression, Fluoro-Jade (FJ) C, and Tunel assay is accompanied by activation of microglia, which phagocytose FJ positive degenerating neurons, the subsequent activation of astrocytes, and long-lasting GABAergic cell deficits (Coleman et al., 2012; Saito et al., 2015; Smiley et al., 2015, 2019; Bird et al., 2018, 2020; Saito et al., 2019). The GABAergic cell deficits observed mainly in parvalbumin (PV) positive (+) and somatostatin (SST) + cells are more prominent than the total neuron deficits and may cause neurobehavioral abnormalities (Sadrian et al., 2012, 2014; Wilson et al., 2016; Lewin et al., 2018). However, mechanisms of this relatively specific long-lasting GABAergic cell loss are unclear. GABAergic cells or their progenitors exposed to P7 ethanol may die more than other types of neurons during acute neurodegeneration, and/or may be specifically affected by delayed cell loss or perturbed PV/SST expression. Since disturbed RA signaling is involved in ethanol toxicity in the developing brain (Duester, 1991; Alfos et al., 2001; McCaffery et al., 2004; Yelin et al., 2005; Johnson et al., 2007; Sapin, 2008; Kane et al., 2010; Marrs et al., 2010; Young et al., 2014; Shabtai et al., 2018; Fainsod et al., 2020) and influences GABAergic cell maturation in early postnatal mouse prefrontal cortex (Larsen et al., 2019), we examined how RARα modulation affects the course of P7 ethanol-induced neurodegeneration and neuroinflammation using a specific RARα agonist BT75 and an antagonist BT382. BT75 was previously synthesized as a borate containing derivative of RARα agonist Am580 and has been shown to be less toxic compared to all-trans retinoic acid (ATRA) or Am580 (Zhong et al., 2011). BT382 is an RARα antagonists identified in our previous studies (Anguiano et al., 2013).

Our present studies indicated that while BT382 partially attenuated P7 ethanol-induced acute neurodegeneration, BT75 alleviated long-term astrocyte activation and GABAergic cell loss in the cortex and hippocampus. RA signaling activation by BT75 may attenuate chronic neuroinflammation and improve survival/maturation of GABAergic neurons in the adult brain. Thus, our studies suggest that RA signaling is a promising target for developing neuroprotective agents against FASD.



Materials and methods


Syntheses of BT382 and BT75

Synthesis of BT382 (Figure 1) was performed as follows: To a solution of 2-amino-5-chlorophenol (A) (0.001 mol) in dichloromethane (40 ml) aqueous potassium carbonate (20% w/v) and tetrabutylammonium hydrogen sulfate (0.0005 mol) was added and mixture was stirred for 2 h at room temperature. After 2 h, 2-Bromo-4-methylacetophenone (0.01 mol) in 20 ml dichloromethane was added drop-wise through a course of 15 min and the resultant mixture was refluxed till completion for 3 h. The organic layer was extracted with dichloromethane and dried over sodium sulfate evaporated in vacuum to give crude solid product. The solid was then recrystallized with hot ethanol to obtain pure BT382. The purity was verified using NMR (1H, 13C), HRMS, and HPLC. The result of BT382 [7-Chloro-3-(p-tolyl)-2H-benzo(b)(1,4)oxazine]: (Yield = 77%), 1H NMR (600 MHz, DMSO-d6) δ 7.89 (d, J = 8.0 Hz, 2H), 7.33–7.31 (m, 3H), 7.08–7.02 (m, 2H), 5.19 (s, 2H), 2.48 (s, 3H). HRMS (ESI) calcd for C15H13ClNO 258.0680 found 258.1377 [M + H] + .
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FIGURE 1
 Synthesis of BT382 and BT75.


Synthesis of BT75 [Figure 1; (E)-2-(4-(2-(6,8-dichloro-2-phenyl-2H-chromen-3-yl)vinyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane] was performed as follows: A clean oven dried three-neck round bottom flask (RBF) was charged with aldehyde 1 (Das et al., 2010) (1 equiv.) in DMF. Then addition of salt 2 (1.2 equiv.) Sodium tertbutoxide (STB) (3 equiv.) was added into the reaction mixture at 0°C. The reaction mixture was stirred at room temperature for 24 h. Progress of the reaction was monitored by TLC (100% Hexane). In TLC nonpolar spot was observed corresponding to aldehyde. After completion of the reaction, reaction mixture was neutralized by 2 N HCl. After neutralization, ethyl acetate was added in the reaction mixture; the combined organic layer was collected and dried with Na2SO4 and evaporated under reduced pressure. The crude material was purified by column chromatography (5% ethyl acetate: 95% hexane). After purification white solid was observed (BT75). The result of BT75 synthesis was: (Yield = 72%), 1H NMR (600 MHz, DMSO-d6) δ 7.61 (d, J = 7.8 Hz, 2H), 7.47 (d, J = 7.8 Hz, 2H), 7.42 (d, J = 7.2 Hz, 2H), 7.35–7.29 (m, 5H), 7.23 (d, J = 16.4 Hz, 1H), 7.01 (s, 1H), 6.71 (d, J = 16.5 Hz, 1H), 6.64 (s, 1H), 1.26 (s, 12H).



Animals

C57BL/6 J (#000664), C57BL/6 J-Tg(Nkx2-1-cre)2Sand/J (Nkx2.1-Cre, #008661), and B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Ai9, #007909) mice were obtained from Jackson laboratories (Bar Harbor, ME) and bred at the Nathan Kline Institute animal facility under ad lib food and water at all times. All procedures were approved by the Nathan Kline Institute IACUC and were in accordance with NIH guidelines for the proper treatment of animals.



Treatments of C57BL/6 J mice with ethanol, BT75, and BT382

P7 C57BL/6 J pups (both males and females) were injected subcutaneously (sc) with saline or ethanol (2.5 g/kg) twice at a 2 h interval as previously described (Olney et al., 2002a; Saito et al., 2007). Pups were returned to their home cage immediately following injections. Our previous studies showed that this P7 ethanol treatment induced a peak blood alcohol level (BAL) of 0.45 g/dl when truncal blood was collected at 0.5, 1, 3, and 6 h following the second ethanol injection and analyzed with an Alcohol Reagent Set (Pointe Scientific, Canton, MI, United States) (Saito et al., 2007). Pups were weaned at P28 into group cages of littermates. Same-sex mice were housed together in cages in numbers between two and four per cage. For BT75 and BT382 treatments, 2 μl (2.5 or 25 μg in 10% DMSO) of BT75, BT382, or 2 μl of the vehicle (10% DMSO) was administered by intracerebroventricular (icv) injection (Sadakata et al., 2007) 30 min before the first ethanol injection. At P8 (20 h after the first ethanol injection), P60, or P90, mice were perfusion-fixed for immunohistochemistry, or the cortex and hippocampus were dissected out and immediately frozen for Western blot analyzes. For the post-ethanol treatment of BT75, mice were injected intraperitoneally (ip) with BT75 (10 mg/kg, 20 μl/g in 10% DMSO) or vehicle (10% DMSO) once a day for 3 consecutive days starting 3 days after the first ethanol injection at P7. Mice were perfusion-fixed or the cortex and hippocampus were taken out at P30. Since significant sex differences in the effects of P7 ethanol have not been previously observed (Wilson et al., 2016; Saito et al., 2019), nor were any significant differences observed between sexes here, the data from males and females were combined.



Treatments of Nkx2.1-Cre;Ai9 mice with ethanol

Nkx2.1-Cre mice expressing Cre under the control of the Nkx2.1 promoter/enhancer regions were bred to Ai9 Cre-reporter mice, and the offspring (Nkx2.1-Cre;Ai9) were used for experiments. Since Nkx2.1 is a transcription factor, transiently (around embryonic day 10–14) expressed in the pallidal telencephalon and required for the specification of PV and SST cortical and hippocampal interneurons (Xu et al., 2008), PV and SST neurons and their progenitors in the postnatal cortex and the hippocampus can be identified by a constitutively expressed reporter florescent protein (tdTomato). These mice are useful for studying the fate of PV and SST neurons and their progenitors because of their tdTomato expression in these cells regardless of the presence of PV/SST. To examine the effects of P7 ethanol on acute and long-lasting GABAergic cell loss, Nkx2.1-Cre;Ai9 mice were treated with ethanol at P7 as described above for C57BL/6 J mice and perfusion-fixed at P8, P14, and P30 for histochemical analyzes of tdTomato+ cells. For comparison, immunohistochemical analyzes of PV+ and SST+ cells were also carried out using the same brain sections.



Fluoro-jade staining, immunohistochemistry and cell counting

In each experiment, 4 to 6 mice per each group derived from at least 3 different litters were used. Mice were perfused with a solution containing 4% paraformaldehyde and 4% sucrose in cacodylate buffer (pH 7.2), and the heads were removed and further fixed in the perfusion solution overnight. Then brains were removed, transferred to phosphate buffered saline (PBS) solution, and kept at 4°C for 2–5 days until cut with a vibratome into 50 μm thick coronal sections. For Fluoro-Jade C (FJ) (Sigma-Aldrich) staining, the free-floating sections rinsed in PBS were placed on slide glasses and processed as described in the manufacturer’s instruction. For immunohistochemistry, the free-floating sections were rinsed in PBS, permeabilized in methanol for 10 min, and incubated for 30 min in blocking solution (PBS containing 5% BSA and 0.1% Triton X-100), followed by incubation overnight with antibodies against parvalbumin (PV) (PV25, Swant, Marly, Switzerland, used for detection of PV neurons), somatostatin (SST) (rabbit polyclonal antibody AP33464SU-N, OriGene, detection of SST neurons), GFAP (D1F4Q) (Rabbit mAb #12389, Cell Signaling, detection of astrocyte activation), GFAP (GA5) (Mouse mAb #3670, Cell Signaling), CD68 (Rat anti mouse monoclonal FA-11, BioRad, detection of phagocytic cell activation), phospho-NF-κB p65 (Ser536) (93H1) (Rabbit mAb #3033, Cell Signaling, detection of NF-κB activation), and NF-κB p65 (D14E12) (Rabbit mAb #8242, Cell Signaling) in PBS containing 3% BSA and 0.1% Triton X-100. Activation of NF-κB, a key nuclear transcription factor, is known to mediate inflammatory responses. Activated NF-κB translocates to the nucleus and is involved in the regulation of transcription of many inflammation-related genes. Furthermore, once activated, posttranslational modifications including phosphorylations allow the regulation of NF-κB transcriptional activity. Especially phosphorylation of p65 (a subfamily of NF-κB proteins) at serine 536 is important for P65 nuclear import (Mattioli et al., 2004). Here, antibodies against phospho (ser536)-NF-κB p65 and NF-κB p65 were used to examine the possibility of glial activation/inflammation through NF-κB activation. Brain sections incubated with one of these primary antibodies were then rinsed in 0.1% Triton X-100 in PBS three times and incubated with another primary antibody for 2 h at r.t., followed by incubation with Alexa Fluoro594 (or 488) goat anti-rabbit (mouse, rat) IgG (Life Technologies, Grand Island, NY) in 0.1% Triton X-100 in PBS containing 1% BSA for 1 h at r.t. Sections were finally rinsed in PBS three times, mounted, and coverslipped using ProLong Gold Antifade Reagent (Life Technologies). All photomicrographs were taken through a 4X, 10X, or 20X objective with a Nikon Eclipse TE2000 inverted microscope attached to a digital camera DXM1200F. Because our previous studies (Smiley et al., 2015) showed that both 2-dimensional and stereological 3-dimensional counting methods gave similar significant reduction in PV cell densities in the cortex by P7 ethanol treatment, the two-dimensional counting method was used in the present studies. The PV, SST, GFAP, and CD68 positive (+) cell number of each area of interest (AOI) and total dimensions of each AOI were measured using the Image-Pro software version 6.0 (Media Cybernetics, Silver Spring, MD). AOIs for cell counting were the cingulate cortex, retrosplenial cortex, dorsal hippocampal molecular layer of dentate gyrus, and dentate gyrus. These AOIs were defined according to the Atlas of mouse brain (Paxinos and Franklin, 2004) or Atlas of the Developing Mouse Brain at E17.5, P0, and P6 (Paxinos et al., 2007). The cell density of each AOI was calculated as the mean cell number per square millimeter from 4 to 6 mice (derived from 3 to 5 different litters) using 4 to 6 sections around bregma 0.98 to 0.14 mm for the cingulate cortex and 3 to 6 sections around bregma -1.22 to -1.94 mm for the retrosplenial cortex/dentate gyrus/molecular layer of dentate gyrus. However, this cell counting method does not provide total cell number in each brain region and is considered a semi-quantitative method, which is a limitation of our current study.



Brain tissue homogenate and Western blots

Brain tissues (cortex and hippocampus) were homogenized in 10:1 v/w tissue homogenization buffer (0.25 M sucrose, 20 mM Tris–HCl pH 7.4, 1 mM EDTA, 1 mM EGTA, all reagents from Sigma-Aldrich) supplemented with protease inhibitors (5 μg/ml leupeptin, 5 μg/ml antipain dihydrochloride, 5 μg/ml pepstatin A, 1 mM phenylmethanesulfonyl fluoride, 1 μM E64, all reagents from Sigma-Aldrich) and phosphatase inhibitors (PhosSTOP, Sigma) immediately before homogenization. The procedure was performed in ice-cold glass homogenizers with 20 complete strokes of Teflon pestles (Wheaton, DWK Life Sciences). The tissue homogenate analysis was performed on equal protein amounts (20 μg), as estimated by the BCA assay (Pierce, Thermo Scientific), and normalized to β-actin. The primary antibodies used are GFAP (D1F4Q) (Rabbit mAb #12389, Cell Signaling), phospho-NF-κB p65 (Ser536) (93H1) (Rabbit mAb #3033, Cell Signaling) and β-Actin (13E5) (Rabbit mAb #4970, Cell Signaling). The secondary antibodies (HRP-conjugated) were from Jackson ImmunoResearch (West Grove, PA, United States). The chemiluminescent substrate was either ECL or femto ECL (both from Pierce, Thermo Fisher Scientific) for either strong or weak signals, respectively. All protein bands were acquired with the iBright FL1500 imaging system (Thermo Fisher Scientific). For densitometry quantification of protein bands, the ImageJ software (National Institute of Health) was used. All histograms were plotted as mean ± standard error of the mean (SEM).



Statistics

Data were analyzed by Student’s t-test for comparisons of two groups and one–or two-way ANOVA for comparisons of more than two groups/factors using SPSS statistics software (version 22). For post hoc analyzes, Tukey HSD or Fisher’s LSD groups tests were used. For all analyzes, p < 0.05 was considered statistically significant. Values are expressed as mean ± SEM obtained from 4 to 6 animals.




Results


BT382, but not BT75, attenuated P7 ethanol-induced acute neurodegeneration

To examine the effects of BT382 (RARα antagonist) and BT75 (RARα agonist) on ethanol-induced acute neurodegeneration in neonatal mice, C57BL/6 J mice were injected (icv) with BT382 (25 μg/2 μl), BT75 (25 μg/2 μl), or the vehicle (10% DMSO/2 μl) 30 min before the first saline/ethanol injection (sc) at P7. Then, the mice were perfusion-fixed 20 h after the first saline/ethanol injection, when robust neurodegeneration has been observed (Olney et al., 2002b), and the brain sections were processed for detection of degenerating neurons by FJ staining. As reported previously (Sadrian et al., 2012), while FJ staining was very scarce in the saline controls, ethanol increased the density of FJ-positive (+) neurons in many brain regions including the cingulate cortex, retrosplenial cortex, and hippocampus. Figure 2A shows FJ+ cell densities in the cingulate cortex encompassed by white lines. Tukey HSD post-hoc test after one-way ANOVA indicated that the ethanol (EtOH) group is significantly different from the saline group, and also different from the EtOH+BT382 group, but not significantly different from EtOH+BT75 group, indicating significant reduction of neurodegeneration by BT382 but not by BT75.
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FIGURE 2
 BT382 attenuated P7 ethanol-induced neurodegeneration. Mice were injected with saline/ethanol (EtOH) at P7, perfusion-fixed at P8 (20 h after injections), and the brain sections were stained with FJ (A) or immunofluorescence-stained using anti-CD68 antibody (B). Images are representative brain sections in the cingulate cortex area (scale bar = 200 μm), and the graphs show FJ+ cell densities (A) and CD68+ cell densities (B) in the cingulate cortex (encompassed by white lines). *p < 0.05, **p < 0.01, ***p < 0.001 and nsnot significant by a Tukey test after one-way ANOVA. n = 4–5.


Brain sections obtained for FJ staining were also fluorescence-labeled using anti-CD68 antibody, and CD68+ cell densities were counted in the cingulate cortex (Figure 2B). Similar to the results of FJ staining, Tukey HSD post-hoc test after one-way ANOVA indicated that the EtOH group was significantly different from the saline group and the EtOH+BT382 group, but not different from the EtOH+BT75 group, indicating significant reduction of CD68+ cells by BT382 but not by BT75. Our previous studies showed that after P7 ethanol treatment, Iba-1+ microglia found near dying neurons in the cortex became morphologically activated and subsequently phagocytosed FJ+ degenerated neurons, and these phagocytic microglia were co-localized with CD68+ cells (Saito et al., 2015). These studies suggest that CD68+ cells in the cingulate cortex in Figure 2B are activated phagocytic microglia, although some CD68+ phagocytic cells may be perivascular or invaded peripheral mononuclear macrophages. Thus, an RARα antagonist BT382 seems to attenuate P7 ethanol-induced acute neurodegeneration and the associated microglial activation and phagocytoses.



P7 ethanol induced long-lasting GABA neuron reduction, which was partially attenuated by BT75

Our previous studies indicated that P7 ethanol, which induced acute neurodegeneration, also caused long-lasting reduction in PV+ and SST+ neurons in the cortex and hippocampus, and the reduction was more prominent than that of total neuron numbers (Smiley et al., 2015, 2019; Saito et al., 2019). However, since PV or SST cell numbers were estimated by counting PV+ or SST+ cells, it is not clear if the long-lasting reduction of those cells is due to P7 ethanol-induced acute neurodegeneration (cell loss) or reduction of PV/SST expression by disturbed cell maturation/homeostasis of surviving neurons. To ask this question, Nkx2.1-Cre;Ai9 mice were injected with ethanol (2.5 g/kg, twice) at P7, and brains taken at P8, P14, and P30 were vibratome-sectioned to examine tdTomato+ cells. The brain sections were also fluorescence-labeled using anti-SST or anti-PV antibody to detect PV+ or SST+ cells. Numbers of these labeled cells were estimated in the cingulate cortex (Cg), retrosplenial cortex (RS), dorsal hippocampal dentate gyrus (DG), CA1, and CA2 + CA3 (CA2 + 3) regions. Figure 3A shows cell numbers of tdTomato+, SST+, or PV+ cells of P8 (20 h after ethanol treatment), P14, and P30 mice after treatment with saline/EtOH at P7. Since PV expression was barely detectable at P8, PV+ cells were only counted at P14 and P30. Two-way ANOVA indicated that there were significant main effects of treatment (saline/EtOH) in the number of tdTomato+ neurons in Cg, RS, DG, and CA1, but not in CA2 + 3. Also, there were main effects of time points in all these ROIs, and there were significant interactions between the two factors (treatment and time points) in the RS and DG. In SST+ and PV+ cells, there were significant main effects of treatment in all regions measured including CA2 + 3 region. Also, there were significant main effects of time points in all regions in SST+ cells, and in Cg and RS regions in PV+ cells. The results indicate that P7 ethanol acutely eliminates significant amounts of tdTomato+ cells in the cortex, especially in RS and the degree of reduction is similar to that found in SST-labeled cells. Figure 3B shows a representative image of tdTomato+ cells in RS 20 h after saline (Ctr) or EtOH treatment, indicating that P7 ethanol induced degeneration in some of the tdTomato+ cells. This agrees with previous studies describing apoptotic cell death detected by caspase 3 activation in GABAergic interneurons in RS, 2–8 h after P7 ethanol treatment (Bird et al., 2020). Since most of the SST+ or PV+ cells in the RS at P30 are tdTomato+ cells as shown in Figure 3C, and the majority of tdTomato+ cells in the cortex are SST+, PV+, or their progenitors (Xu et al., 2008), it is likely that the loss of tdTomato+ cells at P8 is due to the loss of SST+, PV+, and their progenitors, considering the number of lost cells of tdTomato+ (~223) and SST+ cells (~64) in RS. The control (saline-treated) neurons also decreased during the period (P8-P30), and the differences in neuron numbers between the control and ethanol groups shrank. However, the apparent decrease in the cell number during the time course (P8-P30) may be due to our 2-dimensional cell counting method. To obtain total cell number in each brain region, stereological 3-dimensional counting is necessary.
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FIGURE 3
 P7 ethanol induces long-lasting reduction in tdTomato+, SST+, and PV+ cells. (A) Nkx2.1-Cre;Ai9 mice were injected with saline (Ctr) or EtOH (2.5 g/kg, twice) at P7, and brains were perfusion-fixed at P8, P14, and P30 and vibratome-sectioned to count tdTomato+, SST+, and PV+ cell number in the cingulate cortex (Cg), retrosplenial cortex (RS), dorsal hippocampal dentate gyrus (DG), CA1, and CA2 + 3 regions by 2-dimensional counting. PV, which is barely expressed at P8 was only counted at P14 and P30. Mean ± SEM, n = 4. (B) 20 h after saline/EtOH treatment, Nkx2.1-Cre:Ai9 mice were perfusion-fixed, and brain sections were examined. EtOH treatment gave some cells neurodegenerative morphologies in RS. Scale bar = 50 μm. (C) PV+ cells (labeled green) and SST+ cells (green) were primarily co-localized with tdTomato+ cells (red) in the cortex at P30. Scale bar = 50 μm.


Thus, acute neurodegeneration triggered by P7 ethanol may primarily induce long-time GABAergic cell loss especially in the cortex. However, considering the greater reduction of SST+ and PV+ neuron numbers than tdTomato+ cell numbers by P7 ethanol found in the hippocampus CA2 + 3, it is possible that P7 ethanol not only induces acute neurodegeneration, but also decreases SST and PV expression of surviving neurons and contributes to long-lasting GABAergic cell deficits.

Since RARα agonists and RA have been shown to have neuroprotective effects (Lee et al., 2009; Cai et al., 2019; Tian et al., 2022; Kang et al., 2023), and BT75 did not induce significant protection against acute neurodegeneration induced by P7 ethanol, we next examined if BT75 can affect long-lasting GABAergic cell deficits observed in the adult brain. C57BL/6 J mice were treated with BT75 and ethanol at P7, perfusion-fixed at P60, and the brain sections were used for PV immunohistochemistry. PV+ cell densities were counted in RS (Figures 4A,B) and DG (Figures 4C,D), where significant differences between saline and ethanol groups were detected in our previous studies (Lewin et al., 2018; Saito et al., 2019). In Figure 4A, Tukey HSD post-hoc test after one-way ANOVA indicated that the EtOH group was significantly different form the saline group and the EtOH+BT75 group. In Figure 4C, Fisher’s LSD post-hoc test after one-way ANOVA indicated that the EtOH group was significantly different form the saline group and the EtOH+BT75 group. These results indicate that BT75 partially restored PV+ neurons in these brain regions. Figure 4A also showed that 2.5 and 25 μg BT75 gave the similar neuroprotective effects.

[image: Figure 4]

FIGURE 4
 BT75 given before ethanol attenuates P7 ethanol-induced PV neuron deficits at P60. (A) 30 min before saline/EtOH administration, P7 mice were injected (icv) with 10% DMSO or BT75 (2.5 μg or 25 μg) and were perfusion-fixed at P60. Then, PV+ cell densities were counted in RS. ***p < 0.001, **p < 0.01, and *p < 0.05 by a Tukey post-hoc test after one-way ANOVA. n = 4. (B) Representative images used in A. (C) PV+ cell densities were counted in DG. ***p < 0.001 and *p < 0.05 by a Fisher’s LSD post-hoc test after one-way ANOVA. n = 4. (D) Representative images used in C. In B and D, scale bar = 200 μm.




P7 ethanol induced long-lasting astrocyte activation, which was attenuated by BT75

P7 ethanol also induces long-lasting astrocyte activation. As previously reported (Saito et al., 2015), P7 ethanol-induced neurodegeneration is followed by microglial activation which peaks around 24 h, and then astrocyte activation which peaks around 36 h. While microglial morphology returns to the resting states by 48 h after ethanol treatment, the densities of GFAP+ astrocytes are still significantly higher even in the adult brain. Figure 5A shows images of brain sections from P90 mice treated with saline or ethanol at P7. The brain sections were labeled using anti-GFAP (green) or anti-phospho-NFκB P65 (p-NFκB) (red) antibody. Using these images, labeled cell densities of dorsal hippocampus CA3 were measured (Figure 5B). Both GFAP+ cell densities and p-NFκB+ cell densities were significantly higher in ethanol-treated mice (Student’s t-test). Figure 5D indicates that p-NFκB+ cells were co-localized with GFAP+ cells. The area of Figure 5D is a part of dorsal hippocampal CA3 region, shown as a rectangle with white line in Figure 5C. Results of immunohistochemistry were confirmed by measuring the GFAP expression by Western blots using the hippocampus (HP) and neocortex (NC) of P60 mice treated with P7 saline/ethanol (Figure 5E). P7 ethanol also induced higher amounts of p-NFκB in the hippocampus but not in the cortex (Figure 5F).
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FIGURE 5
 P7 ethanol increases GFAP and p-NFκB P65 levels at P90. (A) Mice injected with saline or ethanol at P7 were perfusion-fixed at P90, and the brain sections were immunostained by anti-GFAP antibody and anti-phospho-NFκB P65 (p-NFκB) antibody. Scale bar = 200 μm. (B) From the images, such as shown in A, GFAP+ and p-NFκB+ cell densities were measured in the dorsal hippocampal CA3 region. **p < 0.01 between saline and ethanol groups by Student’s t-test. n = 4. (C,D) Brain sections were dual-labeled with anti-GFAP antibody (green) and anti-p-NFκB antibody (red), and the images were overlaid. A rectangular region with white line (a part of the dorsal hippocampal CA3) in C was enlarged and shown in D. Scale bar = 500 μm in C and 50 μm in D. (E) Mice injected with saline or ethanol at P7 were sacrificed at P60, and the hippocampus (HP) and neocortex (NC) samples were used for Western blot analyzes of amounts of GFAP. The amounts of GFAP were normalized to actin and the ratio of ethanol/saline was calculated. *Significantly different by Student’s t-test. n = 4. (F) Similarly, the effects of P7 ethanol on pNFĸB expression were examined in hippocampus and cortex, The ratios of pNFĸB and NFĸB were compared as the ratios of ethanol/saline. *p < 0.05 by Student t-test. n = 4.


To examine the effects of BT75 on the long-lasting elevation GFAP+ cells by P7 ethanol, C57BL/6 J mice were treated with BT75 or the vehicle 30 min before saline/ethanol injections at P7, perfusion-fixed at P60, and the brain sections were examined by immunohistochemistry. As shown in Figure 6, densities of GFAP+ cells in the cingulate cortex (Cg) (A) or in the molecular layer of dentate gyrus (MolDG) (B) in the EtOH group were significantly higher than those in the saline group or those in the EtOH+BT75 group by Tukey HSD post-hoc test after one-way ANOVA.
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FIGURE 6
 BT75 given before ethanol attenuates P7 ethanol-induced GFAP elevation at P60. (A) Mice were treated with BT75/vehicle and saline/EtOH at P7, and astrocyte activation was examined in the brain perfusion-fixed at P60. The brain sections were immunolabeled with anti-GFAP antibody. Scale bar = 200 μm. GFAP+ cell number was counted in the cingulate cortex (Cg). ***p < 0.001 by Tukey test after one-way ANOVA. n = 4. (B) GFAP+ cell number was counted in the molecular layers of dentate gyrus. ***p < 0.001 by Tukey test after one-way ANOVA. n = 4. Scale bar = 200 μm.




Post-ethanol administration of BT75 attenuated GABAergic cell deficits and astrocyte activation induced by P7 ethanol

Next, we examined if BT75 can attenuate P7 ethanol-induced GABAergic neuronal deficits or astrocyte activation, when BT75 is applied after ethanol administration. Three days after saline/ethanol injections at P7, BT75 were injected (ip) once a day for 3 days. At P30, the mice were perfusion-fixed, and PV+ or SST+ cell densities were counted in RS and DG. Figures 7A,B show that PV+ cell density in RS of EtOH group is significantly different from the saline group and EtOH+BT75 group by a Fisher’s LSD post-hoc test after one-way ANOVA. However, as shown in Figure 7C, SST+ cell densities in RS of EtOH group, which is significantly different from saline group, is not different from EtOH+BT75 group by a LSD post-hoc test after one-way ANOVA. On the contrary, BT75 significantly (by Tukey HSD post-hoc test after one-way ANOVA) attenuated SST+ cell reduction in DG (Figures 7D,E), but did not attenuate PV+ cell reduction in DG by a Fisher’s LSD post-hoc test) (Figure 7F). We also assessed if post-ethanol treatment by BT75 reduces elevation of GFAP expression. After mice were treated as described above, the hippocampus was dissected out at P30, and GFAP levels were analyzed by Western blots (Figure 8). The result shows that post-ethanol treatment by BT75 partially attenuated GFAP expression in the hippocampus, which was enhanced by P7 ethanol.
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FIGURE 7
 Post-ethanol treatment with BT75 attenuates P7 ethanol-induced GABA neuron deficits at P30. Three days after saline/ethanol injections at P7, mice were injected with BT75 (10 mg/kg) or the vehicle (10% DMSO) by ip once a day for 3 days. Then at P30, mice were perfusion-fixed and the brain sections were immunolabeled using anti-PV or anti-SST antibody. (A) PV+ cell density in RS. **p < 0.01 and *p < 0.05 by a Fisher’s LSD post-hoc test after one-way ANOVA. n = 4. (B) Representative images used for A. (C) SST+ cell densities in RS. *p < 0.05 and nsnot significant by a Fisher’s LSD post-hoc test after one-way ANOVA. n = 4. (D) SST+ cell densities in DG. **p < 0.01 and *p < 0.05 by a Tukey post-hoc test after one-way ANOVA. n = 4. (E) Representative images used for D. (F) PV+ cell densities in DG. *p < 0.05 and nsnot significant by a Fisher’s LSD post-hoc test after one-way ANOVA. n = 4. In B and E, scale bar = 200 μm.
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FIGURE 8
 Post-ethanol treatment with BT75 attenuates P7 ethanol-induced GFAP elevation at P30. Mice were treated with BT75/vehicle (10 mg/kg, once a day for 3 days) starting 3 days after saline/EtOH injections at P7, and the hippocampus was dissected at P30 and the ratio of GFAP/actin was measured by Western blot analyzes. BT75 significantly reduced astrocyte activation induced by EtOH. *p < 0.05, **p < 0.001, n = 4.


Thus, BT75 injected after ethanol treatment still attenuated P7 ethanol-induced GABAergic cell deficits and astrocyte activation in certain brain regions, which may emphasize the possibility that some of the GABAergic cell deficits induced by P7 ethanol are reversible.




Discussion

Previous studies have shown that ethanol induces robust neurodegeneration within 24 h in many brain regions of P7 mice (Olney et al., 2002a; Saito et al., 2007), and the reduction in number of GABAergic cells (mainly PV+ and SST+ neurons) in the cortex and hippocampus remains evident in the adult brain (Smiley et al., 2015, 2019; Saito et al., 2019), which may partially explain behavioral deficits observed in P7 ethanol-treated mice (Sadrian et al., 2012, 2014; Wilson et al., 2016; Lewin et al., 2018). Present studies indicated that an RARα specific antagonist BT382 and an agonist BT75 attenuated ethanol-induced cellular abnormalities in the developing brain in different manners. BT382 attenuated P7 ethanol-induced acute neurodegeneration detected by FJ staining 20 h after ethanol injection. Along with it, BT382 decreased the density of CD68+ cells. Our previous studies (Saito et al., 2015) have indicated that these CD68+ cells are co-localized with activated Iba-1+ cells which surround and phagocytose FJ+ degenerating neurons. These CD68 + Iba-1+ cells seem to be phagocytic microglia although some of these cells can be perivascular or invaded peripheral mononuclear macrophages. These results indicate that BT382 attenuated P7 ethanol-induced apoptotic neurodegeneration and the subsequent microglial activation, although we may need a time course study because BT382 may only shift the timing of neurodegeneration. Presently, mechanisms of neuroprotection by BT382 are unknown, but the toxic effects of excess RA may be reduced by the RARα antagonist because it has been reported that prenatal ethanol treatment increased ATRA in fetal hippocampus and cortex (Kane et al., 2010). Previous studies have also indicated that chaperon-mediated autophagy (CMA), which is inhibited by RARα, is activated by BT382 without inhibiting macroautophagy (Anguiano et al., 2013; Gomez-Sintes et al., 2022). CMA activation, which shows neuroprotection in neurodegenerative diseases and acute neurological insults (Cuervo and Wong, 2014; Kanno et al., 2022), may be related to the neuroprotective effects of BT382 against P7 ethanol toxicity. Presently, we have not studied the long-term effects of BT382, partly because we expect that once initial apoptotic neurodegeneration is blocked, subsequent glial activation and GABAergic cell loss would be also blocked, as indicated in our previous studies using lithium (Sadrian et al., 2012; Lewin et al., 2018; Saito et al., 2019). However, studies on long-term effects of BT382, especially post-ethanol treatment by BT382 may be necessary to evaluate the efficacy of BT382 as a neuroprotective agent and to elucidate mechanisms of its action.

In contrast to the effects of BT382, RARα agonist BT75 did not affect the acute neurodegeneration but reduced long lasting GABAergic cell loss and chronic astrocyte activation induced by P7 ethanol. The long-term deficits of GABAergic neurons may be caused by acute apoptotic neurodegeneration at P7 and/or by delayed cell loss or disturbances in surviving neurons, which may lower expression of PV or SST. Studies using Nkx2.1-Cre;Ai9 mice (Figure 3A) showed that tdTomato+ cell numbers were reduced by ethanol in a similar manner as SST+ cells in the Cg and RS, indicating SST cell deficits observed in the adult cortex is mainly due to acute apoptotic neurodegeneration. The cell death that occurred in PV+ neurons at P7-P8 was not directly measured because of the lack of PV expression at this time. However, the reduction in the number of tdTomato+ cells by ethanol in Cg or RS at P8 indicates that not only SST+ cells but also PV cell progenitors were decreased by acute neurodegeneration. However, in the hippocampus, effects of P7 ethanol are different between SST+ cells and tdTomato+ cells. Especially in CA2 and 3 regions, while tdTomato+ cell numbers were not significantly reduced by P7 ethanol at P30, SST+ or PV+ cell numbers were significantly reduced by ethanol. These results indicate that long-term reduction in SST+ or PV+ cells is due to acute neurodegeneration as well as impaired maturation or homeostasis of surviving neurons as suggested in our previous studies (Saito et al., 2019). Our results showing that BT75 increased PV+ or SST+ neurons in certain brain regions even though BT75 was given after P7 ethanol-induced neurodegeneration (Figure 7), also suggest that BT75 may restore the expression of PV or SST in some surviving neurons. Our previous experiments indicated that other neuroprotective treatments [lithium (Saito et al., 2019) and environmental enrichment/exercise (Apuzzo et al., 2020)] given after P7 ethanol treatment also partially restored the long-term PV+ neuron deficits induced by P7 ethanol. Interestingly, the decrease in PV+ neurons in the dentate gyrus by P7 ethanol was not rescued in all these post-ethanol treatments. Thus, these post-ethanol neuroprotective effects seem to be cell or brain region-specific. Mechanisms of such restoration of PV or SST neurons by BT75 is not clear. It may be related to previous studies indicating that RA signaling plays an important role in early postnatal development of prefrontal PV neurons (Larsen et al., 2019) and that RA regulates PV expression in the mouse model of ischemic stroke (Kang et al., 2023). Alternatively, the neuroprotective effects of BT75 may be related to its anti-inflammatory action. P7 ethanol induces chronic astrocyte activation detected by increases in GFAP+ cells in immunohistochemistry (Figure 6) or by increases in GFAP expression in Western blot (Figure 8). Such GFAP elevation was reduced by either pre–(Figure 6) or post-ethanol (Figure 8) BT75 administration. It has been also reported that RARα agonists show anti-inflammatory activity in both cultured cells and animal models (Tian et al., 2022). ATRA inhibits expression of TNFα and iNOS in primary rat microglia activated by LPS or Aβ (Dheen et al., 2005) and attenuates neuroinflammation induced by ethanol in adult rat brain by modulating SIRT1 and NF-κB (Priyanka et al., 2018). Our previous studies also indicate that BT75 is a potent anti-inflammatory agent in SIM-A9 microglial cell line activated with LPS (Zhang et al., 2023). Since excessive or chronic neuroinflammation has been implicated in ethanol-induced neurodegeneration (Chastain and Sarkar, 2014; Pascual et al., 2017; Zhang et al., 2018; Saito et al., 2019; Kane and Drew, 2021), anti-inflammatory action of BD75 may exert neuroprotection of PV and SST neurons.

Thus, our studies suggest the involvement of RA signaling in neonatal ethanol-induced neurodegeneration and neuroinflammation. RA/RARα signaling may serve as a target to improve developmental ethanol-induced brain abnormalities observed in FASD patients.
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