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中⽂摘要 

戴奧⾟經由芳⾹烴接受器 (aryl hydrocarbon receptor, AHR) 調控不同的訊號

傳遞路徑影響細胞的⾏為，例如，胚胎發育，腫瘤⽣成以及發炎反應。然⽽能

與芳⾹烴接受器結合並影響細胞的⽣理反應之內⽣性配體仍有待更多發現與深

深⼊研究。藉由本實驗室所開發之戴奧⾟檢測法，我們在斑⾺⿂胚胎中找到可

能的芳⾹烴接受器內⽣性配體，四氫⽪質甾酮 (Tetrahydrocorticosterone, 

THB)，於此研究當中，我們希望能進⼀步透過四氫⽪質甾酮所激活的芳⾹烴接

受器的功能。在細胞實驗中四氫⽪質甾酮可以誘導芳⾹烴接受器進⼊細胞核，

並且激活下游基因CYP1A1的表現。在我們先前的研究中，證實芳⾹烴接受器⼤

量表達會導致神經纖維母細胞瘤細胞分化; ⽽四氫⽪質甾酮也同樣展現其促進神

經纖維母細胞瘤細胞神經分化的潛⼒。動物實驗則顯⽰四氫⽪質甾酮透過斑⾺

⿂的芳⾹烴接受器2 (AHR2)提⾼芳⾹烴接受器標的之zCYP1A、髓鞘相關的zMBP

以及zOLIG2的表現。此外，我們也發現四氫⽪質甾酮透過芳⾹烴接受器2參與

了早期的神經發育，以及不同的神經細胞群系如寡突膠細胞、星狀膠細胞以及

⼩膠質細胞等的分化。由以上結果，我們認為四氫⽪質甾酮乃⼀內⽣性的芳⾹

烴接受器配體，並且在神經分化的過程中扮演了關鍵的⾓⾊。                                                                                                                                                                

                                                                                                                               

關鍵字：芳⾹烴接受器、芳⾹烴接受器配體、神經分化、芳⾹烴接受器2、斑⾺

⿂      
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Abstract 

     Activation of aryl hydrocarbon receptor (AHR) by xenobiotic toxic chemicals such 

as 2,3,7,8-tetrachlorodibenzo-p-dioxin regulates a variety of cellular processes, for 

example, embryogenesis, tumorigenesis and inflammation. However, the identity of 

endogenous ligands activating AHR remains unclear. To explore the possibilities, 

previously developed cell free bioassay for dioxin-like compounds in our laboratory 

was applied and Tetrahydrocorticosterone (THB) was identified from zebrafish 

embryos as a potential AHR ligand. In this study, we aim to investigate the functions 

of THB in AHR activation and further physiological effects. In vitro studies revealed 

that THB induces AHR translocation into nucleus and activates the expression of 

downstream cytochrome P450 1A1 (CYP1A1). THB also demonstrated potential to 

promote neuronal differentiation in neuroblastoma (NB) cells, which corresponds to 

our previous studies that AHR overexpression lead to NB cells differentiation. On the 

other hand, In vivo studies indicated that THB treatment enhances AHR-target 

zCYP1A, myelin-associated myelin basic protein (zMBP) and oligodendrocyte 

transcription factor 2 (zOLIG2) expression via AHR2-dependent pathway in 

zebrafish. Moreover, we found that THB is involved in early neurogenesis and 

neuronal differentiation of oligodendrocyte, astrocyte and microglia via AHR2 

pathway. Therefore, our results strongly suggest that THB is an endogenous AHR 

ligand, and plays a critical role during neuronal differentiation.  

Key words: AHR、AHR ligand、neuronal differentiation、AHR2、zebrafish 
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1 Introduction 

1.1 Aryl Hydrocarbon Receptor (AHR) 

    Aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor belongs 

to the basic helix-loop-helix (bHLH)–PER-ARNT-SIM (PAS) family [1, 2]. It is 

known to binds to xenobiotics and mediates the expression of gene programs required 

for detoxification and metabolism [3]. Normally, inactivated AHR is present in the 

cytoplasm of cells and bound with chaperones such as Hsp90, AIP (AHR-interacting 

protein) and P23 (prostaglandin E synthase 3) [4-7]. Once binding to ligand, AHR 

translocates into nucleus and heterodimerizes with aryl hydrocarbon receptor nuclear 

translocator (ARNT) [8, 9]. This AHR-ARNT heterodimer binds to dioxin responsive 

elements (DRE) or xenobiotic responsive elements (XRE) on corresponding 

promoters to drive transcription of target genes. One of the most prominent target 

genes is microsomal cytochrome P450-dependent monooxygenases CYP1A1, a 

xenobiotic metabolizing enzymes (XME) [10-12]. 

1.2 Endogenous ligands and physiological roles of AHR 

    As an endogenous dioxin receptor, AHR is activated by binding to a wide range of 

xenobiotics from plant material or from pollutants that are either natural (such as 

benzo[a]pyrene (B[a]P)) or synthetic (such as 2,3,7,8-tetrachlorodibenzodioxin 

(TCDD)) [13, 14]. But the identity of an endogenous ligand activating AHR under 

physiological conditions in the absence of environmental toxic chemicals is still 

unknown. Recently, several AHR endogenous ligands were identified, including 

tryptophan (Trp) catabolite kynurenine (Kyn), kynurenic acid (KA), 2-(1ჼH-

1
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indole-3ჼ-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE), 6-

formylindolo[3,2-b]carbazole (FICZ), indirubin and indigo [15-19]. For example, 

Kyn, as an endogenous ligand of the human AHR, suppresses antitumor immune 

responses and promotes tumor cell survival and motility [20]. These results provide 

evidences for a novel pathophysiological function of AHR. 

1.3 AHR and neural differentiation/ development 

     AHR has been shown to be an important regulator of cell death, proliferation, 

differentiation, and cell cycle progression [21-24]. In neuroblastoma (NB) cells, AHR 

overexpression was shown to induce neural differentiation of NB cells [25]. AHR also 

participates  in  regulation  of  neuronal  development  in  Caenorhabditis  elegans  and 

Drosophila melanogaster [26-31]. Besides, AHR is required for various physiological 

functions, including tumorigenesis and immunomodulation [19, 25, 32-34]. 

Furthermore, some studies suggest that absence of AHR is related to infertility, 

abnormalities in liver, cardiovascular problems, embryonic development and CNS 

deficits [35-47]. In conclusion,  reductions in the level of AHR can lead to impacts 

both  in  vitro  and  in  vivo.  These  findings  highly  correlate  the  level  of  AHR  to 

development and support the hypothesis that un-programmed change in AHR protein 

may disrupt endogenous signaling pathways that influence neural differentiation. 

1.4 Functional characterization between AHRs 

    Unlike mammals, there are three AHR isoforms have been identified in zebrafish: 

AHR1A, AHR1B, and AHR2 [48, 49]. Numerous studies regarding known AHR 

ligands have identified AHR2 as the primary mediator of toxicological effects for 

2
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early life stage in zebrafish and is required for physiological functions [39, 40, 50-52]. 

Antisense oligonucleotide (morpholino) knockdown of AHR2 affords almost 

complete resistance to TCDD-induced developmental toxicity, and prevents inhibitory 

effects of AHR ligands on epimorphic regeneration [53-59]. Importantly, in zebrafish, 

AHR2 has the best TCDD-binding capacity and less EC50 of TCDD to zebrafish 

AHRs, while AHR1A ( has been considered as a pseudo-protein) does not bind to 

TCDD and is deficient in transactivation activity; though AHR1B will bind TCDD 

but less sensitive than AHR2 [42, 48, 49, 60]. Notably, AHR2 has been examined that 

it is widely distributed throughout most organs (such as brain and eye) in zebrafish, 

while AHR1A is mainly expressed in the liver, AHR1B expression is not fully 

characterized, and both AHR1A and AHR1B are expressed at much lower levels 

compared to AHR2 [40, 60, 61]. Taken together, these indicate distinct physiological 

and toxicological roles of different AHRs in zebrafish. 

1.5 5 α︎︎-reduced Tetrahydrocorticosterone (THB) and central nervous system 

     Tetrahydrocorticosterone (THB) was discovered as potential AHR endogenous 

ligand by cell free bioassay for dioxin-like compounds [62]. The biosynthesis of THB 

is known to be catalyzed mainly by 5-alpha reductase (5α-Rs) isozymes [63-67]. In 

steroidogenesis, 5α-Rs is the enzyme for rate-determining step and highly present 

throughout central nervous system (CNS), especially in myelin sheaths [68-74]. In 

addition, 5α-Rs was suggested to upregulate the expression of myelin basic protein 

(MBP), which is an important regulator and major component of myelination [73, 75]. 

Moreover, several studies revealed that the catabolites derived from 5α-Rs, which is 

3



doi:10.6342/NTU201602857

considered as neuroactive steroids  [76-84], might be synthesized in neural cells and 

stimulate each surrounding neuronal cells. 

1.6 Myelination and neuronal differentiation 

    The myelin sheath is a greatly extended and modified plasma membrane wrapped 

around the nerve axon, forming an electrically insulating layer in a spiral fashion. The 

production of the myelin sheath is called myelination or myelinogenesis. In CNS, the 

structures of myelin are formed by the oligodendrocyte, while Schwann cells are 

responsible for the myelin in PNS. In addition, oligodendrocytes provide trophic 

support and maintain the myelin sheaths. To become functional, oligodendrocyte 

progenitor cells (OPCs) undergo proliferation, and differentiation into mature 

myelinating oligodendrocytes (OLCs) through distinct stages, characterized by 

sequential expression of developmental markers, for example, oligodendrocyte 

transcription factor 2 (OLIG2; entire oligodendrocytes lineage marker), O4 (immature 

oligodendrocytes) and myelin basic protein (MBP; maturation marker) [85-93]. By 

investigating those markers during differentiation of neural stem cells (such as 

astrocytes, oligodendrocytes and microglia) under AHR-manipulated conditions, we 

may have broader understanding toward roles of AHR in neuronal development. 

Recent studies about the impact of AHR on myelination [32, 94-97] further strengthen 

our belief that AHR may be activated by THB and play roles in myelination and 

neuronal differentiation. 

4
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2 Materials and Methods 

2.1 Cell culture 

    The coding region sequences of AhR (NM_001621) were amplified using cDNA 

derived from HEK293 cancer cell lines. The NanoLuc luciferase template was 

obtained from pNL1.1 (Promega, Madison, WI, USA). A single colony expressing 

high levels of AhR-NL was amplified and named as AN cells. AN cells were cultured 

in a 10-cm dish containing 10 ml of Dulbecco’s modified Eagle medium: nutrient 

mixture F-12 (DMEM/ F-12; Hyclone, Logan, UT, USA) supplemented with 10% 

fetal bovine serum (FBS; Hyclone, Logan, UT, USA), 5µg/ml blasticidin-SHCl, and 

200 µg/ml hygromycin under a humidified atmosphere of 95% Air and 5% CO2 at 37︎

°C. AAPA (AHR-RL, AIP, P23 and ARNT overexpressed) and AGAPA (AHR-GFP, 

AIP, P23 and ARNT overexpressed) cell were prepared and cultured as described 

previously [ 98]. AN, AAPA and AGAPA cells were induced with 1 µg/ml tetracycline 

for 24 h, after that THB or others was added. Cells were then incubated at 37︎︎°C for 

the indicated time period. The human neuroblastoma cell line SH-SY5Y and SKNDZ 

derived from American Type Culture Collection (ATCC, Rockville, MD, USA) was 

grown in DMEM/ F-12 supplemented with 10% FBS under a humidified atmosphere 

of 95% Air and 5% CO2 at 37︎°C.  

2.2 Zebrafish embryo preparation for extraction 

     All of zebrafish lines were bred in National Taiwan University zebrafish core. 

Zebrafish embryos collected from different developmental stages (0hr, 24hr, 48hr, 
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72hr, 120hr) were subjected to probe sonication to homogenize the zebrafish embryo 

and the pellet was discarded. 70% Acetonitrile (ACN) or 70% Methanol (MeOH) was 

then added in supernatant to remove protein. After SpeedVac, the supernatant was dry 

and then dissolved in DMSO or ACN. 

2.3 Cell-free dioxin assay preparation 

    Cells at a density of 8 × 106 were cultured in a 10-cm dish containing 10 ml of 

DMEM medium, 10% FBS, and antibiotics. The culture medium was removed and 

cells were washed twice with cold PBS. Adding PBS with 20mM EDTA (pH 8.0) to 

harvest cell then centrifuged at 2,000 rpm for 5 min to remove the supernatant. Cell 

pellet was lysed in lysis buffer [1% NP40, 200 mM Tris (pH 8.0), 100 mM NaCl, 

10% glycerol] for 30min on ice. Lysate was centrifuged at 14,000 rpm for 10 min at 

4°C, and the supernatant was collected and diluted with ddH2O for following Dioxin 

bioassay detection experiment. 

2.4 Dioxin bioassay detection 

    90 µl of cell-free extract and 10 µl of different concentrations compounds were 

mixed in a 96-well white polystyrene plate at 37°C for 30 min. Luminescence signals 

were determined by the addition of 1µM of coelenterazine-h (S201A, Promega)or 

Nano-Glo substrate (N1110, Promega). Luminescence was detected by a 

luminescence plate reader and quantified.   

6
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2.5 HPLC fraction 

     The HPLC system consists of a high performance liquid chromatography (HPLC) 

system (HITACHI D2000). The sample were kept at 4℃, elution started from 80% 

mobile phase A (water) and 20% mobile phase B (ACN), held at 20% B for 0.5 min, 

raised to 80% phase B in 5.5 min, then raised to 100% phase B in 8 min, held at 100% 

B for 4 min, and then lowered to 20% B in 12 min, held at 20% B for 3 min. The flow 

rate was set 0.1 ml/min with injection volume 20 µl. Each peak from HPLC was 

collected by eppendorf. 

2.6 LC-ESI-MS 

   The LC-ESI-MS system consists of an ultra-performance liquid chromatography 

(UPLC) system (Ultimate 3000 RSLC, Dionex) and an electrospray ionization (ESI) 

source of quadrupole time-of-flight (TOF) mass spectrometer (maXis HUR-QToF 

system, Bruker Daltonics). The samples were kept at 4 ℃ in autosampler. Separation 

was performed by reversed-phase liquid chromatography (RPLC) on a BEH C18 

column (2.1 x 100 mm, Walters). The elution started from 70% mobile phase A (0.1% 

formic acid in ultrapure water) and 30% mobile phase B (0.1% formic acid in ACN), 

held at 30% B for 0.5 min, raised to 100% B in 7.5 min, held at 100% B for 1.5 min, 

and then lowered to 30% B in 0.5 min. The column was equilibrated by pumping 30% 

B for 3 min. The flow rate was set 0.4 ml/min with injection volume 10 µl. Each 

fraction from HPLC was dissolved in 100 ul of 30% ACN and the supernatant was 

transferred into a sample insert vial after centrifugation at 14,000 rpm. LC-ESI-MS 

chromatogram were acquired under following conditions: capillary voltage of 4500 V 

7



doi:10.6342/NTU201602857

in positive ion mode or 3500 V in negative ion mode, dry temperature at 190 ℃, dry 

gas flow maintained at 8 l/min, nebulizer gas at 1.4 bar, and acquisition range of m/z 

100-1000. 

2.7 Chemical preparation 

    2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was purchased from AccuStandard 

(New Haven, CT, USA) then dissolved in DMSO. Tetrahydrocorticosterone (THB) 

was obtained from Toronto Research Chemicals (Toronto, Ontario, Canada) then 

dissolved in EtOH.  

2.8 Neuroblastoma differentiation assay 

    Neuroblastoma cells at a density of 5 × 105 were seeded in a 6-wells plate 

containing 2 ml of DMEM medium, 10% FBS. After two-days culture, the culture 

medium was removed then replaced with drug-contained differentiation medium 

(DMEM medium with 2% FBS) for a three-days drug treatment [99]. 

2.9 Zebrafish maintenance and embryos collection 

    All of zebrafish lines were bred in National Taiwan University zebrafish core. Wild 

type (AB strain), Tg(HuC:EGFP) and Tg(HuC:Kaede) strain were maintained at 28˚C 

in egg water (6 g sea salt in 20 L H2O) [100, 101], and selected according to hours 

post fertilization and morphological criteria [102]. Whole-mount and 

immunofluorescence  imaging analyzed embryos were treated with 0.003% PTU in 

egg water before 24 hpf to inhibit pigment formation.  

8
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2.10 Gene knockdown by antisense morpholino injection 

    Glass capillary tube was produced by a horizontal puller. Morpholinos were made 

by Gene Tools (Philomath). zAHR2MO translation-blocking MO sequence was as 

following: 5' - TGT ACC GAT ACC CGC CGA CAT GGT T - 3’  [103] and diluted to 

concentration of 1 mM. Both DNA and morpholino solutions were supplemented with 

0.1% phenol red. Fish embryos were placed on 2% agar plate. Total 4nL ahr2MO or 

SDMO (standard morpholino,  human beta-globin targeted) solution was injected into 

the yolk of one-cell or two-cell stage embryos. 

2.11 Drug Exposure 

    Fertilized eggs were obtained from natural mating of adult zebrafish (AB, Tg:HuC-

EGFP, Tg:HuC-Kaede line) which were maintained at 28°C with a lighting schedule 

of 14 h light and 10 h dark. THB and vehicle (EtOH) was diluted to working 

concentration in egg water with (for image analysis) or without 0.003% PTU. 

Zebrafish embryos were collected and exposed in specific drug with a density of 10 

embryos per milliliter. Half volume of drug medium was replaced every day. 

2.12 mRNA extraction 

    The total RNA was isolated from cells and zebrafish ( around 30 embryos 

homogenized by homogenizer) using the TRIzol reagent (Invitrogen, Carlsbad, CA, 

USA). The amount and purity of the total RNA was measured by spectrophotometric 

analysis at A260 and A280. Aliquots of total RNA were diluted in 

diethylpyrocarbonated (DEPC)-treated water and stored at -20 °C.  

9
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2.13 Reverse-transcription and Quantitative real-time PCR 

    The reverse transcription of 1 µg isolated total RNA was performed in a 20 µL  

reaction mixture using ReverTra Ace and oligo-dT primer. Diluted cDNA as template 

undergo real-time PCR by SYBR Green I (ABgene) under the general conditions: 95 

°C for 3 min, followed by 40 cycles of 95 °C for 30 s, and 60°C for 30 s using an 

iCycler iQ real-time detection system (BioRad). The sequences of primers for real-

time PCR were used as following: 

hGAPDH forward 5’-GGT GGT CTC CTC TGA CTT CAA C-3’ 

hGAPDH reverse 5’-TCT CTC TTC CTC TTG TGT TCT TG-3’ 

hAHR forward 5’-CTG ACG CTG AGC CTA AGA AC-3’ 

hAHR reverse 5’-ACC TAC GCC AGT CGC AAG-3’ 

hCYP1A1 forward 5’-GCT GAC TTC ATC CCT ATT CTT CG-3’ 

hCYP1A1 reverse 5’-TTT TGT AGT GCT CCT TGA CCA TCT-3’ 

hGAP43 forward 5’-TCC GTG GAC ACA TAA CAA GG-3’ 

hGAP43 reverse  5’-CAG TAG TGG TGC CTT CTC C-3’ 

hNSE forward  5’-TGT CTG CTG CTC AAG GTC AA-3’ 

hNSE reverse  5’-CGA TGA CTC ACC ATG ACC C-3’ 

zEF1α forward 5’-CTG GAG GCC AGC TCA AAC AT-3’ 

zEF1α reverse 5’-ATC AAG AAG AGT AGT ACC GCT AGC ATT AC-3’ 

zβ-ACTIN forward 5’-GAT GCG GAA ACT GGC AAA GG-3’ 

zβ-ACTIN reverse 5’-GAG GAG GGC AAA GTG GTA AAC G-3’ 

zAHR2 forward 5’-CTA CTT GGG CTT CCA TCA GTC G-3’ 

zAHR2 reverse 5’-GTC ACT TGA GGG ATT GAG AGC G-3’ 
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zCYP1A forward 5’-AAT CCC AGA CGG GCT ACA-3’ 

zCYP1A reverse 5’-CCG GGC CAT AGC ACT TAC-3’ 

zHuC forward 5’-AGA CAA GAT CAC AGG CCA GAG CTT-3’ 

zHuC reverse 5’-TGG TCT GCA GTT TGA GAC CGT TGA-3’ 

zMBP forward 5’-CCG TCG TGG AGA CGT CAA-3’ 

zMBP reverse 5’-CGA GGA GAG GAC ACA AAG CT-3’ 

zOLIG2 forward 5’-GGA GGT CAT GCC CTA CGC T-3’ 

zOLIG2 reverse 5’-GCA GCA GAG TGG CTA TTT TAG-3’ 

2.14 Western Blot 

      Cells were seeded at a density of 1 × 106  then cultured until 80%–90% confluent 

in 10-cm dish. After washed with PBS, cells were harvested with 0.5% Trypsin 

solution (supplemented with 0.2% EDTA) and pelleted by centrifugation at 13000 

rpm for 15 min at 4°C. Protein were extracted from cell lysate. Cells were lysed using 

lysis buffer [25 mM Tris (pH 7.4), 150 mM NaCl, 1% NP40, 1 mM Na3VO4, 1 mM 

PMSF and 10% glycerol] and 1% protease inhibitor cocktail for 15 min at 4°C then 

the supernatant was harvested to serve as the cytoplasmic fraction, and the cell pellets 

were washed with PBS twice. The cell pellets were resuspended in lysis buffer and 

sonicated using Misonix sonicator 3000. Protein concentration was measured using a 

Bio-Rad protein assay kit. Equal amounts of cell extracts were mixed with 6X sodium 

dodecyl sulfate sample buffer (350 mM of Tris–HCl, pH 6.8, 10% SDS, 30% 

glycerol, 10% dithiothreitol and 0.1% bromophenol blue) and boiled at 100°C for 

5-10 min. Denatured proteins were fractionated by SDS-PAGE (90 volts stacking for 
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15mins and 120 volts running for 1hr), and the separated proteins were transferred 

(100 volts for 90mins) to polyvinylidenedifluoride transfer membranes (Millipore, 

Milford, MA). Membranes were blocked with 5% BSA in TBST (0.1% Tween 20 in 

TBS), followed by overnight incubation at 4°C with appropriate dilution of primary 

antibody in TBST with 5% BSA. After washed by TBST, membranes were probed 

with appropriate secondary antibody conjugated with horseradish peroxidase, and 

were visualized using enhanced chemiluminescence (ECL) kit. The antibodies utilized 

were as follows: rabbit polyclonal anti-AhR antibody (BML-SA210, Enzo Life 

Science); goat polyclonal anti-AhR antibody (sc-8088(N-19), Santa Cruz); rabbit 

polyclonal anti-CYP1A antibody (ABIN108738, antibodies-online); mouse anti-RL 

antibody (Millipore); rabbit polyclonal anti-GAP43 (ab12274, Abcam); rabbit 

polyclonal anti-MBP antibody (AS-55811s, AnaSpec, Inc.); rabbit anti-GAPDH 

antibody (CTX100118, GeneTex); mouse monoclonal anti-Lamin A/C (sc-7292(636), 

Santa Cruz). 

2.15 Immunocytochemistry (ICC) and Fluorescence imaging 

     Sterile coverslip were coated with Collagen Type I (50-100 µg/ml in 0.02N acetic 

acid; rat tail, sc-136157, Santa Cruz) for 1 h at RT. Coated coverslips were rinsed with 

sterile PBS then dried completely, followed by sterilization under UV light for at least 

4 h. Cells were seeded on glass coverslips which were then placed in 6-well plate. 

After drug treatment, cells were rinsed in PBS then immersed in 4% 

paraformaldehyde in PBS (pH 7.4) for 10 min at RT, followed by three-time wash 

with ice-cold PTw (PBS with 0.1% Tween 20). We used 1x PBS with 0.1% Triton 
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X-100 to permeabilized cell then washed cells with PBS for 5 min for three times. 

Cells were incubated with 5% BSA in PBST for 30 min to block unspecific binding of 

the antibodies. Cells were incubated in the primary antibody with blocking buffer in a 

humidified chamber overnight at 4°C then followed by the secondary antibody in 1% 

BSA for 1.5-2 h at RT in the dark. We decanted the secondary antibody solution and 

washed three times with PBS for 5 min in the dark. After washing, DAPI (100 mg/ml) 

staining was performed for 5-10 min at RT, followed by several washes in PTw. For 

preservation the slides were overlaid with Fluoromount-G™ then covered with a 

coverslip, sealed with the nail polish and stored at 4 °C until use. The antibodies 

utilized were as following: rabbit polyclonal anti-GAP43 (ab12274, Abcam); rabbit 

anti-GAPDH antibody (CTX100118, GeneTex).  

2.16 Immunohistochemistry (IHC) and Fluorescence imaging 

  The embryos were incubated with 5X PTU incubation to prevent pigmentation at 

28°C until 5 days post fertilization. These embryos were immersed in PTW (0.1% 

Tween 20 in PBS) buffer for equilibrium (10 min for three times) then fixed by 4% 

paraformaldehyde (4% PFA in PBS) at 4°C overnight. After washing for three times 

with PTW buffer, fixed embryos were transferred to 30% sucrose solution for 

cryoprotection at 4°C overnight. Embryos were immersed in Tris-HCl (pH 9.0) 

antigen retrieval buffer and heated at 70°C for 15 min followed by 30% sucrose re-

cryoprotection at 4°C overnight. Finally, embryos were washed and mounted in OCT 

for cryosection. Frozen embryos were cut between segments 5 and 6 and sectioned 

(40 µm thickness) by a cryostat microtome (Leica CM3050S). For immunostaining on 
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cryosections, the slides were equilibrated in PTw (5 min for three times) without 

shaking, and then blocked with 10% horse serum or 5% BSA in PTw for 1 h at room 

temperature. After blocking, the slides were incubated overnight at 4 °C with mouse 

anti-O4 (clone 81, MAB345, Abcam); rat monoclonal anti-MBP antibody (ab7349, 

Abcam); mouse monoclonal CD11b/c antibody (OX-42, MA5-17506, Thermo); 

mouse monoclonal GFAP antibody (ASTRO6, MA5-12023, Thermo); mouse 

monoclonal MAP2ab antibody (AP20, MA5-12823, Thermo) in blocking solution. 

For secondary staining, sections were incubated in Alexa Fluor®-serial antibodies 

(Abcam) with 5% horse serum or 1% BSA for 1.5-2 h at RT. After the washes, DAPI 

(100 mg/ml) staining was performed for 5-10 min at RT, followed by several washes 

in PTw. For preservation the slides were overlaid with Fluoromount-G™ then covered 

with a coverslip, sealed with the nail polish and stored at 4 °C until use [104]. 

2.17 Microscopy and image analysis  

    Fluorescent images were taken by a Zeiss Confocal microscope (LSM880) or on an 

Eclipse E800 (Nikon) microscope using appropriate filters and a SPOT digital camera 

(Diagnostic Instruments). 

2.18 Statistical analysis 

    The quantitative data of luminescence signal are presented as mean ± SD from at 

least three independent experiments and analyzed by ANOVA (*p < 0.05; **p < 0.01; 

***p < 0.001). The quantitative western blotting data were analyzed using NIH Image 

J software (NIH Image, Bethesda, MD) and presented as mean ︎± SD from at least 
14
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three independent experiments and analyzed by Student’s t-tests (*p < 0.05; **p < 

0.01; ***p < 0.001). IHC image of zebrafish were analyzed using ZEN (black edition) 

software and presented as mean ︎± SD from at least three independent experiments and 

analyzed by Student’s t-tests (*p < 0.05; **p < 0.01; ***p < 0.001). All other 

quantitative real-time PCR result were shown as the mean ± SD from at least 3 

independent experiments and analyzed by Student’s t-tests (*p < 0.05; **p < 0.01; 

***p < 0.001). 
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3 Results 

3.1 Identification of the endogenous dioxin-like compounds from zebrafish 

embryo extracts using a novel AHR-base cell free bioassay 

    The Schematic diagram of AHR endogenous ligand extraction procedures was 

shown in Fig. 1A. The ability in activating AHR pathway was checked in all the 

candidate fractions through cell-free dioxin bioassay. Different developmental stages 

of zebrafish embryos have dissimilar endogenous AHR ligand expression. Zebrafish 

embryos of 0, 24, 48, 72 and 120 hours were collected to identify the stage with 

highest AHR endogenous ligand contents using cell-free dioxin bioassay. All crude 

samples were extracted by MeOH or ACN (to remove protein) and then dissolved in 

ACN. The data shows that 0-hr embryos (Fig. 2A) have higher endogenous AHR 

ligands content. 0-hr-embryo samples were further purified into eight fractions by 

HPLC (Fig. 2B). These eight fractions were collected then detected by cell-free dioxin 

assay (Fig. 2C). Compare to the control group, peak 2-7 have significantly lower 

luminance, which indicates that those samples might contain AHR ligands. The 

positive fractions from HPLC were ultimate identified using LC-ESI-MS. LC-ESI-

MS chromatogram data include two methods with positive (Fig. 2D) or negative (Fig. 

2E) electrodes. Each positive fraction (F2 to F8) was compared to Fraction 1 to 

acquire a ratio value, with the higher ratio (more than 1.5 fold) marked by red. 

Moreover, relative red mark to the control peak8, the yellow mark means the 

unknown label which has the higher ratio and indicates it was potential endogenous 
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AHR ligands. The potential data was further confirmed by metabolic database to 

identify the structure and pathway (Table 1).   

3.2 THB is a novel AHR endogenous ligand 

           Base on AHR pathway, we have developed an ultrasensitive bioassay (Fig.3B) 

for dioxin-like compounds. AN cell line was generated by overexpressing AHR-

Nanoluciferase (NL) in T-REx 293 cells for this assay, in which AHR dissociates from 

protein complex upon binding to ligands and loses protection, followed by 

degradation of AHR and thus detection of lower luminescence. Here, we applied this 

extremely sensitive dioxin detection system to check the property of potential AHR 

ligand.  

    After tetracycline induction, AN cells lysate were harvested then treated with 

various concentrations of newly found AHR ligand, Tetrahydrocorticosterone (THB), 

and incubated at 37°C for 50 min. Luminescence signals were subsequently detected 

after addition of Nano-Glo substrate. (Fig.3A) The data shows the concentration of 

THB is negatively correlated to luminescence intensity.  It indicates that THB can 

activate AHR pathway and may be an endogenous AHR ligand. 

   AHR is a transcription factor with nuclear localization signal (NLS). Once 

activated, it will translocate into the nucleus. According to this unique phenomenon, 

we performed immunocytofluorescence analysis in AGAPA (AHR-GFP 

overexpression HEK stable cell line) cells (Fig. 4A). Compared with control (EtOH), 
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after THB treatment, AHR positive GFP signal colocalized at nucleus. It illustrates 

that AHR-positive GFP signal dramatically translocates from cytoplasm into nucleus 

after 100 nM THB treatment for 1.5 hr. Another evidence shown in western blot (Fig. 

4B) also suggests that THB facilitates AHR nuclear translocation as the amount of 

AHR-RL change. 

    In addition, after AHR-ARNT heterodimer forming in nucleus, it binds to promoter 

on DRE or XRE then drives the transcription of target genes. One of most prominent 

AHR-target genes is CYP1A1. As results shown in Fig. 5A and 5B, we know that 

THB enhances AHR-target gene expression CYP1A1 in AN cell and homologous 

zCYP1A in zebrafish and both in a dose-dependent manner. These results suggested 

that THB indeed activate AHR and AHR-related gene expression. 

3.3 THB reveals the potential of neuronal differentiation  

    In our previous study, we found that either overexpress of AHR or AHR 

endogenous ligand Kyn-induced activation of AHR in neuroblastoma (NB) cell 

promote NB cell differentiation [25]. Here, we demonstrated that mRNA and protein 

expression levels of neural differentiation markers, GAP43 and NSE, were elevated 

after THB treatment (Fig. 6A and B). THB also activated CYP1A1 mRNA and 

protein expression in a dose dependent manner in NB system. Moreover, we applied 

appropriate marker GAP43, which expressed high levels in neuronal growth cones 

during development and considered a crucial component of the axon and presynaptic 

terminal, to investigate neurite outgrowth and tell if cell is in progress of neuronal 

differentiation. Indeed, THB induced neurite outgrowth in neuroblastoma cells (Fig. 
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7). To sum up, THB affects NB cell behavior and may play a role in facilitating 

neuronal differentiation. 

3.4 THB-activated AHR signal pathway is AHR2-dependent 

    To confirm if AHR2 is involved in THB-activated AHR pathway, zahr2-targeted 

morpholino (ahr2MO) were designed to knockdown translational AHR2 protein 

expression levels in zebrafish. Protein expression levels of AHR and downstream 

CYP1A were determined by western blot. The results show a robust knockdown 

efficiency that not only AHR itself but also downstream zCYP1A expression are 

decreased (Fig. 8A). Besides, THB-enhanced zCYP1A mRNA expression level were 

much less in AHR2-knockdown fish than control group (Fig. 8B). This data shows 

THB-activated CYP1A expression is AHR2-dependent. 

3.5 The physiological functions of THB is involved in early neurogenesis  

    We showed that THB induced cell differentiation in vitro. We then tested the effect 

of AHR on THB therapy by Tg(HuC:Kaede) zebrafish line, which is an a neural 

development model to label neural morphologies in networks in vivo [100, 101]. As 

neuron development proceeds, HuC promoter-drived Kaede will be increased. In Fig. 

9A, Kaede fluorescent signal of 5 dpf zebrafish was upregulated by HuC promoter 

after THB treatment and mainly expressed in the eye, brain and spinal cord (arrow). 

Besides, THB enhanced HuC mRNA expression levels as well (Fig. 9B). Since HuC 
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is one of the earliest neuronal markers in zebrafish, these data reveals that THB is 

involved in early neurogenesis and may have the ability to make a shift to a later 

neuronal development stage. 

3.6 THB regulates oligodendrocytes lineage via AHR2-dependent pathway.         

     Previously, we demonstrated that THB is involved in early neurogenesis, and 

affects the whole development process of zebrafish. In order to investigate the exact 

function of THB and AHR2 in neural differentiation, we performed IHC analysis to 

reveal cross sectional view of spinal cord in Tg(HuC:Kaede) transgenic zebrafish. We 

found a significant induction of HuC (marker of early neurogenesis), OLIG2 (marker 

of entire oligodendrocytes lineage), O4 (immature oligodendrocyte marker) and MBP 

expression (mature oligodendrocyte marker) after THB treatment (Fig. 10 and 11), but 

the induction was declined in AHR2-knockdown larvae. In addition, similar pattern 

was discovered in mRNA and protein expression level(Fig. 10A&B and 11A-C). 

These results confirm our hypothesis that THB regulates oligodendrocytes lineage 

differentiation by AHR2.  

3.7 THB affects microglia, astrocyte and neuron lineage via AHR2-dependent 

pathway.   

    Neural stem cells differentiate into four major populations— neuron cell (NC), 

astrocyte (AS), microglia (MG) and oligodendrocyte (OLC). Here, we found a 
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significant induction of GFAP (marker of astrocyte) expression after THB treatment 

(Fig. 12), and the induction was declined in AHR2-knockdown larvae. Notably, 

AHR2-knockdown larvae showed higher expression of CD11b/c (marker of 

microglia), while it returned to normal level after THB treatment (Fig. 13). However, 

the expression of MAP2ab (neuron cell) is no significant difference (Fig. 14). 
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4 Conclusions and Discussions 

    Compounds that bind AHR with the highest affinity tend to be hydrophobic, planar, 

lipophilic, and of a defined size (such as halogenated aromatic hydrocarbons and non-

halogenated polycyclic aromatic hydrocarbons) that is thought to facilitate occupation 

of a hydrophobic ligand binding pocket [103, 105]. The best characterized high 

affinity ligands for the AHR is 2,3,7,8-tetrachlorodibenzo- p-dioxin (TCDD), which 

can elicit a wide variety of toxic and biological effects.  However, in our studies, there 

are several candidates of AHR ligands (Fig. 2) picked up in our purification through 

cell free dioxin bioassay [62], and the most possible one is THB (Fig. 3), which 

demonstrates even higher affinity than TCDD (data not shown). THB has been known 

for its planar, hydrophobic and lipophilic structure; its identity as an endogenous 

ligand for glucocorticoid receptor and its involvement in steroid metabolism [106, 

107]. Base on the fact AHR is a transcriptional factor with nuclear localization signal 

(NLS) [108], we used in vitro testing model, AGAPA and AAPA cell line, to 

implement AHR translocation experiment, and it is found that THB dramatically 

triggers AHR translocation. Following this specific displacement, it was known to 

regulate its downstream signaling genes expression [10-12]. As previous studies had 

reported HAH/PAH-related chemicals as AHR ligands/agonists that can induce 

CYP1A1 transcription [109, 110], here we also examine the expression of CYP1A1 

after THB treatment not only in human cell line (HEK and NB cells) but also in 

zebrafish (Fig. 4). 

   Recent studies have suggested that AHR plays an important role in neurogenesis 

and neural differentiation [31, 43, 111]. There are also evidences that expression level 
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of AHR is correlated with the histological grade of differentiation in NB tumors [25, 

112]. In current study, we reveal the potential of THB to promote neural 

differentiation by up-regulating neuronal markers (NSE and GAP43) and 

morphological differentiation in NB cells (Fig. 5 and 6)  [113], which supports the 

idea of THB as an AHR endogenous ligand.  

      Still, there are several studies indicate that AHR may alter myelination [32, 

94-97]. 5α-Rs was suggested to upregulate the expression of myelin basic protein 

(MBP) [73, 75], and the catabolites derived from 5α-Rs might be synthesized in 

neural cells and stimulate adjacent cells, which are considered as neuroactive steroids 

involved in many physiological processes [76-84]. To further examine, we utilize 

specific morpholino to knockdown AHR2 in zebrafish embryos. The standard control 

MO (SDMO) used in this study served as morpholino control, while in other studies a 

4-base mismatch ahr2MO was used as a more stringent control, and similar results 

were found as with the SDMO used here [114]. THB treatment can facilitate HuC 

expression in Tg(HuC-Kaede) zebrafish, which may denote that it accelerates neural 

development (Fig. 8). The result of AHR2 knockdown in zebrafish indicates that 

AHR2 deficiency cause a significant decrease in oligodendrocyte lineage, and both 

immature OPCs (oligodendrocyte precursor cell) and mature OLCs (oligodendrocyte) 

are reduced (Fig. 9 and 10). Nonetheless, supply of THB stimulated the impaired 

oligodendrocyte lineage and made it back to regular number.  

    In recent years, there has been an explosion in our understanding of how non-

neuronal cells play crucial roles in many functions of the CNS. At present, these non-

neuronal cell types are broadly categorized into (i) astrocytes, (ii) radial glia, (iii) 
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oligodendrocytes, (iv) ependymal cells and (v) microglia [115]. In this study, we also 

investigate some of the neural differentiation lineages, astrocyte, microglia and 

neuron under AHR2 knockdown condition. In astrocyte lineage, it has similar 

consequence as OPCs and OLCs lineage, which demonstrates a declined trend (Fig. 

11), while the opposite is true in microglia lineage that knockdown of AHR2 may 

recruit microglia compensation, but return to normal expression level after THB 

supply (Fig. 12). According to our results, AHR2 does not directly affect neuron 

lineage (Fig. 13). In our knowledge, microglia are highly adaptable glial cells of the 

CNS and constitutively cycle the brain and spinal cord (where they interact physically 

with neurons and modulate neurotransmission [ 116, 117] ) that are now recognized to 

play important roles in the healthy CNS as well as various CNS pathologies [118, 

119], such as regulating neurogenesis as well as oligodendrogenesis, promoting neural 

precursor cell development [120], and enhancing neuronal survival. They are thus 

critical in the early wiring of the CNS. Additionally, previous studies reveal that 

deletion of AHR leads to subretinal accumulation of microglia, which may explain 

our findings [47].  

     The facts that THB was found in 0-hr embryo, AHR2 expression is initiated 

around gastrulation stage (5-11hr) (S 1) [55, 59, 61, 121] and AHR2 turns on neural 

differentiation collectively suggest that THB is generated at the beginning of 

embryogenesis then followed by expression of AHR2, which finally leads to neural 

differentiation. Currently, although studies toward microglial lineage are still 

controversial but generally microglia is considered as hematopoietic myeloid origin 

[119], which may be one possible explanation for the AHR2-KD-enhanced microglia 
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population. Previous studies showed the correlation between AHR and neural events 

but the details remain unclear. As noted above, we conclude the effect of THB in 

AHR2 is exclusively on differentiation of the oligodendrocyte lineage from neural 

stem cells (Fig. 14) and provide a clue that AHR2 participates in the bidirectional 

interaction and communication between neurons and neighboring glial cells, and may 

have diverse ligand–receptor partnerships.  
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6 Figures 

 

Figure 1 Schematic diagram of AHR endogenous ligand extraction procedures. 

From zebrafish crude extract to discovery of THB, the ability in activating the AHR 

pathway of all of candidate fractions were checked through cell free bioassay. 
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Figure 2 Experimental processes to obtain AHR endogenous ligands, from 

zebrafish crude extract to identification of THB. (A) Zebrafish embryos of 

different developmental stages were purified by MeOH or ACN then detected by cell-

free dioxin assay. (B) 0-hr zebrafish embryos, found with higher endogenous AHR 

ligand content, separated by HPLC into eight fractions. (C) These Eight fractions 

were detected by cell-free dioxin assay. Quantified results are shown as the mean ± 

SD from at least 3 independent experiments and analyzed by one-way ANOVA. *p < 

0.05, **p < 0.01. (D and E) Candidate HPLC fraction was analyzed through LC-ESI-

MS to obtain the potential endogenous AHR ligands.  
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                      (A) 

                      (B) 

Figure 3 Discovery of newly found AHR endogenous ligand, Tetrahydro-

corticosterone (THB), utilizing cell-free dioxin bioassay.  (A) AN-cell-lysate dioxin 

bioassay model. (B) Cell free bioassay results of AHR-NL luminescence signal after 

treated with different concentrations of THB. EtOH was used as control. The data 

were shown as the mean ± SD from three independent experiments run in triplicate 

and analyzed by Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001). 
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         (A) 

         (B) 

Figure 4 THB-induced nuclear translocation of AHR. (A) AGAPA cells were 

treated with THB 100 nM for 90 min. EtOH was used as a negative control. The cells 

were fixed and AhR-GFP distribution was visualized by Zeiss Confocal microscope. 

Nuclei were stained with DAPI (blue). Scale bar, 20 µm. (B) AAPA cells were grown 

to 50% confluency in 10 cm dishes followed by tetracycline induction and cultured 

for further 24 h. AAPA cells were then treated with 100 nM of THB for 90 min. EtOH 
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was used as a negative control. The cytosol and nuclear fractions were prepared as 

described in the ‘‘Materials and methods’’ section. Equal amounts of cytosol or 

nuclear fraction were analyzed by Western blot. Anti-RL was used for AHR–RL 

detection. GAPDH and Lamin A/C were used as internal loading controls for the 

cytosol and nuclear fractions. Three independent samples were evaluated and 

representative data were depicted. 
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                        (A) 

                        (B) 

Figure 5 THB stimulates AHR-target gene expression in both AN cell and 

zebrafish. Quantitative PCR analysis of the effects of AHR-responsive (A) CYP1A1 

expression by treatment with indicated concentration of THB for 4 h in AN cell ; (B) 

zCYP1A expression by treatment with 100 nM THB for 5 day in zebrafish. The data 
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were shown as the mean ± SD from three independent experiments run in triplicate 

and analyzed by Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001). 
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(A) 

(B) 

Figure 6 THB promotes neuronal differentiation in neuroblastoma cells. (A) 

Quantitative PCR analysis of the expression of CYP1A1, GAP43 and NSE after 

treatment with different concentration of THB for 4 hr in SK-N-DZ cells. (B) Western 

blot analysis of CYP1A and GAP43 expression after treatment with different 

concentration of THB for 8 hr in SK-N-DZ cells. EtOH was used as a control. Anti-

CYP1A was used for AHR-responsive CYP1A detection. GAPDH were used as 

internal loading control. Three independent samples were evaluated and 

representative data were depicted. The quantitative data are shown as the mean ± SD 

from three independent experiments run in triplicate and analyzed by Student’s t-test 

(*p < 0.05; **p < 0.01; ***p < 0.001). 
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Figure 7. THB-triggered neuroblastoma cells neurite outgrowth. SH-SY-5Y cells 

were cultured in a differentiation medium then exposed to 100 nm THB for 3 days. 

EtOH was used as a negative control. After 3-day treatment, cells were fixed and 

GAP43 distribution was visualized by Zeiss Confocal microscope. Nuclei were 

stained with DAPI (blue). Three independent samples were evaluated and 

representative data were depicted. 
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                        (A)

                        (B)

Figure 8 ahr2MO knockdown efficiency in AHR-responsive CYP1A. (A) Western 

blot analysis of the translation-blocking efficiency of 4 nl ahr2MO. Compared with 5 

dpf zebrafish (WT), control group was injected with equal amounts of standard 

control MO (SDMO). Anti-CYP1A was used for AHR-responsive CYP1A detection. 

GAPDH was used as internal loading control. Three independent samples were 
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evaluated and representative data were depicted. (B) ahr2MO-injected and SDMO-

injected zebrafish  (WT) were exposed to 100 nM THB for 5 days. EtOH was used as 

a solvent control. Expression of CYP1A was determined through quantitative PCR 

analysis. The data were shown as the mean ± SD from three independent experiments 

run in triplicate and analyzed by Student’s t-test (*p < 0.05; **p < 0.01; ***p < 

0.001). 
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                        (A)
                         

                        (B)

Figure 9  THB is involved in early neurogenesis. Tg(HuC:Kaede) fish was exposed 

to different concentration of THB for 5 days. EtOH was used as a negative control. 

(A) In vivo fluorescence-image was visualized by Zeiss Confocal microscope. Arrows 

show the HuC-Kaede (green) distribution in the zebrafish. Three independent samples 

were evaluated and representative data were depicted. (B) zhuc mRNA expression 
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levels were determined through quantitative PCR analysis. The data were shown as 

the mean ± SD from three independent experiments run in triplicate and analyzed by 

Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001). 
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Figure 10 THB involves in immature oligodendrocyte lineage via AHR2-

dependent pathway. (A) WT; (B) ahr2MO-injected and SDMO-injected zebrafish 

were exposed to different concentration of THB for 5 days. EtOH was used as  

solvent control. mRNA expression level of OLIG2 were determined through 

quantitative PCR analysis. The data were shown as the mean ± SD from three 

independent experiments run in triplicate and analyzed by Student’s t-test (*p < 0.05; 

**p < 0.01; ***p < 0.001). (B) Image of IHC staining with O4 (red) in cross sectional 

view of spinal cord in Tg(HuC:Kaede) transgenic zebrafish. Dorsal is on the top, 

while ventral is on the bottom. Nuclei were counterstained with DAPI (blue). Green 

signals stand for HuC-Kaede protein. Three independent samples were evaluated and 

representative data were depicted and shown as the mean ± SD from three 

independent experiments run in triplicate and analyzed by Student’s t-test (*p < 0.05; 

**p < 0.01; ***p < 0.001). 
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Figure 11 THB involves in mature oligodendrocyte lineage via AHR2-dependent 

pathway. (A) WT; (B) ahr2MO-injected and SDMO-injected zebrafish were exposed 

to different concentration of THB for 5 days. EtOH was used as solvent control. 

mRNA expression levels of MBP were determined through quantitative PCR analysis. 

The data were shown as the mean ± SD from three independent experiments run in 

triplicate and analyzed by Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001). (C) 

Protein expression levels of CYP1A and MBP were analyzed through Western blot. 

GAPDH were used as internal loading control. Three independent samples were 

evaluated and representative data were depicted. (D) Image of IHC staining with 

MBP (red) in cross sectional view of spinal cord in Tg(HuC:Kaede) transgenic 

zebrafish. Dorsal is on the top, while ventral is on the bottom. Nuclei were 

counterstained with DAPI (blue). Green signals stand for HuC-Kaede protein. Three 

independent samples were evaluated and representative data were depicted and shown 

as the mean ± SD from three independent experiments run in triplicate and analyzed 

by Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001). 
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Figure 12 THB is involved in astrocyte lineage via AHR2-dependent pathway. 

Image of IHC staining with GFAP (red) in cross sectional view of spinal cord in 

Tg(HuC:Kaede) transgenic zebrafish. Dorsal is on the top, while ventral is on the 

bottom. Nuclei were counterstained with DAPI (blue). Green signals stand for HuC-

Kaede protein. Three independent samples were evaluated and representative data 

were depicted and shown as the mean ± SD from three independent experiments run 

in triplicate and analyzed by Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001). 
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Figure 13 Knockdown of AHR2 causes increased microglia (MG) number. Image 

of IHC staining with CD11b/c (red) in cross sectional view of spinal cord in 

Tg(HuC:Kaede) transgenic zebrafish. Dorsal is on the top, while ventral is on the 

bottom. Nuclei were counterstained with DAPI (blue). Green signals stand for HuC-

Kaede protein. Three independent samples were evaluated and representative data 

were depicted and shown as the mean ± SD from three independent experiments run 

in triplicate and analyzed by Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001). 
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Figure 14 Knockdown of AHR2 does not affect neural precursor cell 

differentiation capacity. Image of IHC staining with MAP2ab (red) in cross 

sectional view of spinal cord in Tg(HuC:Kaede) transgenic zebrafish. Dorsal is on the 

top, while ventral is on the bottom. Nuclei were counterstained with DAPI (blue). 

Green signals stand for HuC-Kaede protein. Three independent samples were 

evaluated and representative data were depicted and shown as the mean ± SD from 

three independent experiments run in triplicate and analyzed by Student’s t-test (*p < 

0.05; **p < 0.01; ***p < 0.001). 
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                   (A) 

                   (B) 

Figure 15 THB rescues the disruption of neural differentiation caused by AHR2 

deficiency. (A) Injection of ahr2MO abolishs primitive and terminal differentiation in 

oligodendrocyte lineage differentiation (OPC to OLC or AS (astrocyte) even 

microglia), and promotes MG population. (B) Supply of THB in ahr2MO-KD 

zebrafish restore neural defect into normal state. In both model, neuron cell lineage 

are not affected. 
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7 Tables 

Table 1 Potential AHR ligands from zebrafish crude extract. Candidate HPLC 

fraction was analyzed through LC-ESI-MS to obtain the potential endogenous AHR 

ligands. 
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8 Supplemental Figures 

 

  

S 1 AHR expression in different developmental stage of zebrafish. Protein 

expression levels of AHR were analyzed through western blot. GAPDH were used as 

internal loading control. Three independent samples were evaluated and 

representative data were depicted. 
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