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Abstract

Despite progress describing the effects of persistent organic pollutants (POPs) on the central nervous system, the effect of POPs on
enteric nervous system (ENS) function remains underexplored. We studied the effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
a POP, and a potent aryl hydrocarbon receptor (AHR) ligand, on the ENS and intestinal motility in mice. C57Bl/6J mice treated with
TCDD (2.4 mg/kg body weight) for 8 weeks (once per week) exhibited significant delay in intestinal motility as shown by reduced stool
frequency, prolonged intestinal transit time, and a persistence of dye in the jejunum compared to control mice with maximal dye
retention in the ileum. TCDD significantly increased Cyp1a1 expression, an AHR target gene, and reduced the total number of
neurons and affected nitrergic neurons in cells isolated from WT mice, but not Ahr�/� mice. In immortalized fetal enteric neuronal
cells, TCDD-induced nuclear translocation of AHR as well as increased Cyp1a1 expression. AHR activation did not affect neuronal
proliferation. However, AHR activation resulted in enteric neuronal toxicity, specifically, nitrergic neurons. Our results demonstrate
that TCDD adversely affects nitrergic neurons and thereby contributes to delayed intestinal motility. These findings suggest that
AHR signaling in the ENS may play a role in modulating TCDD-induced gastrointestinal pathophysiology.
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Introduction
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a persistent organic
pollutant (POP; Van den Berg et al., 2006) causes reproductive and
developmental defects, tumorigenesis, liver fibrosis, immunologi-
cal dysfunction, and neurotoxicity in animals (Duval et al., 2017;
Fling et al., 2020; Gray et al., 1997a,b; Kim and Yang, 2005; Knerr
and Schrenk, 2006; Marshall and Kerkvliet, 2010; Tomasini et al.,
2012; Zhang et al., 2021). Legare et al., reported impaired brain
function resulting from developmental exposure to TCDD (Legare

et al., 2000). Peripheral neuropathy and progression of brain atro-
phy has been reported in Vietnam veterans exposed to Agent
Orange/TCDD (Kim et al., 2003; Lee et al., 2022; Yi et al., 2014) rais-
ing public health concerns.

The biological and toxicological effects of TCDD are mediated
through the activation of the aryl hydrocarbon receptor (AHR), a
ligand-activated transcription factor that belongs to the bHLH-
PAS family (Nebert, 2017). AHR plays a key role in the
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development and function of the nervous system. Studies have
reported the temporal and spatial patterns of AHR expression in
mouse brain (Kimura and Tohyama, 2017; Kimura et al., 2021),
and its physiologic and toxicologic significance in the developing
brain (Kakeyama and Tohyama, 2003). Research has shown that
AHR activation in the brain regulates the expression of several
genes that are involved in various processes such as neurogene-
sis (Latchney et al., 2013), neuronal migration (Kimura et al.,
2017), proliferation (Latchney et al., 2011), differentiation (Jung
et al., 2009), maturation (Collins et al., 2008), and survival (Juricek
and Coumoul, 2018). However, dysregulation of these genes can
impact normal development and function of the nervous system.
In addition to being found in the mouse brain, AHR expression
has also been studied in the developing and adult human and
mouse enteric nervous system (ENS) using transcriptome and
immunohistochemical analysis (Memic et al., 2018; Obata et al.,
2020). These studies have found that AHR is mainly expressed in
the colonic ENS, with a relatively weaker signal detected in the
neurons of the distal ileum.

Intestinal dysmotility is a hallmark symptom of functional
bowel disorders (FBDs), including functional constipation, irrita-
ble bowel disease, and functional bloating/distention. A recent
multinational study investigating 22 functional gastrointestinal
disorders (FGIDs) across 33 countries, found that more than 40%
of the surveyed population suffer from FGIDs (Sperber et al.,
2021). FBDs were the most common of all included FGIDs, affect-
ing nearly 29% of participants and functional constipation was
the most frequently reported FBD (Sperber et al., 2021). Chronic
constipation is associated with colorectal cancer, Parkinson’s dis-
ease, multiple sclerosis, and mood disorders (Choung et al., 2016).
Studies have not focused on the role of POPs in inducing dysmo-
tility in these disease conditions including irritable bowel syn-
drome (IBS) associated with abdominal discomfort, diarrhea, and
constipation. However, a genome-wide association study by
Jankipersadsing et al. suggested a role for AHR in the biology of
stool frequency, changes of which are one of the hallmarks of IBS
(Jankipersadsing et al., 2017). The study was done with two
population-based cohorts from the Netherlands (LifeLines-Deep,
LLD) and Sweden (PopCol, PC) where the average number of
bowel movements per day (BM/d) was extracted from daily
records kept by both populations. The study highlighted plausible
candidate genes and biological pathways. One of the top 10 loci
from the meta-analysis data was the rs1979097 locus containing
AHR. The effect of the assessed allele at each locus was positive
indicating an effect on the average number of BM/d (increased
number of stool passes).

Understanding the impact of AHR signaling in enteric neurons
and how AHR activity induced via POPs modulates intestinal
motility has not been studied. In this current study, we sought to
examine the effects of TCDD on the ENS and intestinal motility
in mice. To do this, we used both in vivo and in vitro models. To
determine whether TCDD modulates gut motility, we assessed
AHR activity in enteric neurons, and associated changes in intes-
tinal motility by treating C57Bl/6J mice with TCDD. We also eval-
uated the expression of various neuronal subtypes in the
myenteric plexus of control and TCDD-treated mice. Immorto
fetal enteric neuronal (IM-FEN) cells were used to investigate the
effects of TCDD on enteric neuronal cell proliferation and sur-
vival. Studies have reported both the relatively high doses (100–
1000 nM) of TCDD exposure (Xu et al., 2013a,b) and much lower
doses (0.1–10 nM) of TCDD (Latchney et al., 2011) in cultured neu-
ronal cells causing cytotoxicity. In this study, we used 0.1 nM,
1 nM, and 10 nM TCDD doses based on our initial dose-dependent

TCDD (10�4 nM to 10 nM) study assessing Cyp1a1 expression. To
determine whether the effects of TCDD on enteric neurons
observed is through AHR signaling, studies were carried out using
primary enteric neuronal culture cells isolated from WT and
Ahr�/� mice. Our findings provide new evidence that AHR activa-
tion by TCDD in the ENS contributes to delayed intestinal motility
by adversely affecting nitrergic neurons.

Materials and methods
Mice
Nine- to 10-week-old male C57Bl/6J mice (Ahrþ/þ) (Strain No.
000664; Jackson Laboratory, Bar Harbor, ME) were housed (3 or 4
per cage) in temperature- and light-controlled rooms and given
water and food ad libitum. Prior to treatment, mice were placed
in individual cages and trained to eat dough pills (transgenic
bacon-flavored dough diet from Bio-Serv, Flemington, NJ), pre-
pared with a tablet mold, for 5 days. During the treatment, mice
were placed in individual cages with a control or a dough pill
with TCDD and monitored until the entire dough pill was eaten
before placing them back into respective cages. Mice were divided
into 2 groups, one for short term (ST) study (5 days), and the other
for long-term (LT) study (8 weeks). In the ST study, mice received
one dough pill with TCDD (2.4 mg/kg body weight) or a control pill
on day 1 and were followed until day 5. During the LT study, mice
received one dough pill with TCDD (2.4 mg/kg body weight) or a
control pill once per week for 8 weeks. This dosage has been
empirically tested on mice to induce dysmotility without affect-
ing survival and effectively induce AHR activation in intestine
and colon as assessed by AHR target gene, Cyp1a1 expression.
Further, TCDD was provided through the diet as it represents a
common exposure route. Tissues were collected immediately fol-
lowing sacrifice by CO2 asphyxiation and stored at �80�C until
analysis. Congenic Ahr�/� mice on the C57Bl/6J background were
obtained and bred as previously described (Lahoti et al., 2015). All
animal studies were approved by the Institutional Animal Care
and Use Committee at the Pennsylvania State University and
were performed according to the university guidelines for the
ethical treatment of animals.

Assessment of colonic emptying by stool
frequency
Stool frequency (number of stool pellets extruded per mouse per
hour) was measured in both ST and LT, vehicle and TCDD-
treated mice as described previously (Li et al., 2006). Briefly, each
mouse was placed in a clean cage without bedding material for
1 h. Fecal pellets collected immediately after expulsion were
placed in sealed microcentrifuge tubes to avoid evaporation.
Tubes were weighed to obtain the wet weight of the stool, which
were then dried overnight at 65�C and reweighed to obtain the
dry weight.

Total GI transit time
Mice treated with vehicle and TCDD for LT were gavaged with
300 ml of 6% (w/v) carmine red dye (Sigma-Aldrich, Burlington,
MA) in 0.5% (w/v) methylcellulose (Sigma-Aldrich, Burlington,
MA) and the time from gavage until the emergence of the first
red-color pellet was used an index of total GI transit time (Li et al.,
2011).

Intestinal transit assessment
Mice treated with vehicle or TCDD for LT were fasted for 6 h, fol-
lowed by gavage with 70 kDa fluorescein isothiocyanate-dextran
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(FITC-Dextran) (Sigma-Aldrich, Burlington, MA). After 1 h mice
were sacrificed, the small intestine was evenly cut into 8 seg-
ments and the colon was cut into 2 segments. The level of fluo-
rescence in these segments including the cecum was determined
as described (Woting and Blaut, 2018). Transit was analyzed
using the intestinal geometric center of the distribution of FITC-
dextran in the distal ileum and was calculated as described previ-
ously (Miller et al., 1981).

Whole mount tissue staining
Longitudinal muscle strips with intact myenteric ganglia (longi-
tudinal muscle myenteric plexus, LMMP), from the proximal
colon of the mice treated with vehicle and TCDD (LT), were used
for nicotinamide adenine dinucleotide phosphate (NADPH) dia-
phorase and acetylcholinesterase (ACh) staining and was per-
formed as described previously (Anitha et al., 2006). Five
randomly selected fields per mouse were evaluated from 3 mice
per treatment group. LMMP from the distal colon were fixed in
4% paraformaldehyde and immunostaining protocol for TUJ1,
nNOS, and ChAT was followed as previously published (Anitha
et al., 2012). The number of neurons stained for a specific marker
was determined per unit area. At least 10 random fields were
scored in a blinded fashion.

Cell culture
Immorto fetal enteric neuronal cells (Anitha et al., 2008) were
used for in vitro experiments. Cells were cultured in modified N2
medium (Heuckeroth et al., 1998) containing 10% fetal bovine
serum (FBS), glial cell line-derived neurotrophic factor (GDNF)
(10 ng/mL) (Shenandoah Biotechnology, Inc. Warminster, PA),
and 20 U/mL recombinant mouse interferon-c (MilliporeSigma,
Burlington, MA) in a humidified tissue culture incubator contain-
ing 10% CO2 at the permissive temperature of 33�C for 24 to 48 h.
At this temperature, cells proliferate until confluent monolayers
are formed. Then the medium was changed to neurobasal-A
medium (NBM) containing B-27 serum-free supplement (Thermo
Fisher Scientific, Waltham, MA), 1 mmol/L glutamine, 1% FBS,
and 10 ng/mL GDNF, and transferred to an atmosphere of 5%
CO2 at 39�C. Cells were allowed to differentiate and then treated
with various doses of TCDD (0.1, 1, and 10 nM) for 24 h.

Primary culture preparation
Primary culture of mouse ileum and colonic myenteric neurons
was prepared using previously published protocols (Smith et al.,
2013; Zhang and Hu, 2013) from 9-week-old C57Bl/6J (WT) and
Ahr–/– mice. Myenteric neurons were seeded onto poly-D lysine
and laminin-coated plates (Corning, NY) and cultured at 37�C
with 5% CO2 in complete NBM prepared as described above. Half
of the medium was replaced every 24 h, and after 5 days, the neu-
rons were treated with 0.1 and 1 nM TCDD for 24 h.

BrdU cell proliferation assay
Immorto fetal enteric neuronal cells cultured at 33�C were
treated with varying doses of TCDD (0.1, 1, and 10 nM) for 24 h.
BrdU was added 3 h prior to the end of the TCDD treatment incu-
bation period. Assay steps were followed according to the instruc-
tions provided by the manufacturer (BrdU Cell Proliferation
Assay kit from MilliporeSigma, Burlington, MA).

LDH-Glo cytotoxicity assay
Immorto fetal enteric neuronal cells were cultured in 96-well
white plates with clear bottoms at 39�C and treated with varying
doses of TCDD (0.1, 1, and 10 nM) in complete NBM for 24 h. The

LDH-Glo Cytotoxicity Assay kit from Promega (Madison, WI) was
used to measure the percentage cytotoxicity according to the
manufacturer’s instructions.

Caspase-Glo 3/7 assay
Immorto fetal enteric neuronal cells were cultured in 96-well
white plates with clear bottoms at 39�C and treated with various
doses of TCDD (0.1, 1, and 10 nM) in complete NBM for 24 h.
Caspase 3/7 activity was measured using the Caspase-Glo 3/7
Assay kit from Promega (Madison, WI) following the manufac-
turer’s protocol. Luminometer readings were taken 1 h after add-
ing the Caspase-Glo 3/7 Reagent.

Real-time PCR
Total RNA from vehicle and TCDD (0.1, 1, and 10 nM) treated IM-
FEN cells, cultured primary myenteric neurons from the ileum
and colon, and snap frozen sections of the ileum and colon LMMP
was extracted using TRIzol Reagent (Thermo Fisher Scientific,
Waltham, MA) according to the manufacturer’s specifications.
Complementary DNA (cDNA) was synthesized from 1mg of total
RNA using the qScript cDNA SuperMix (Quantabio, Beverly, MA).
Quantitative real-time PCR was performed with cDNA using
PowerUp SYBR Green Master Mix (Applied Biosystems, Waltham,
MA) on QuantStudio 3 Real-Time PCR System (Applied
Biosystems, Waltham, MA) using primers listed in Table 1. Ct val-
ues obtained were normalized to GAPDH.

Western blotting
Cell lysates were obtained from IM-FEN cells treated with or with-
out TCDD (0.1, 1, and 10 nM) for 24 h and 15 mg of protein/lane
were loaded onto a 4–20% sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis (Bio-Rad, Hercules, CA) and transferred
to PVDF membrane. The membranes were probed for neuronal
marker b-tubulin III (TUJ1), neuronal nitric oxide synthase
(nNOS), and choline acetyltransferase (ChAT) using respective
specific antibodies (Table 2). GAPDH was used as a loading con-
trol. A semiquantitative measurement of the band intensity was
performed using the Scion Image computer software program
(Scion Corporation, Frederick, MD) and expressed as a ratio of
band intensity with respect to the loading control.

Nuclear and cytoplasm extraction
Nuclear and cytosolic extracts from IM-FEN cells treated with or
without TCDD (0.1, 1, and 10 nM) for 30 min were prepared as pre-
viously described (Muku et al., 2017). Briefly, cell pellets were
resuspended in MENG (25 mM MOPS, 1 mM EDTA, 0.02% sodium
azide, 10% glycerol) including protease inhibitors and homogen-
ized with a stainless-steel Dura-Grind Dounce homogenizer
(Wheaton Instruments, Millville, NJ). Cell homogenates were cen-
trifuged at 1000� g for 20 min. The supernatant was then sub-
jected to centrifugation at 42,000� g for 30 min to generate
cytosolic extracts. The nuclear pellet was washed 3 times with
MENG, extracted with MENGþ 500 mM NaCl and the extract col-
lected after centrifugation at 42,000� g for 30 min. The cytosolic
and nuclear extracts were then analyzed for AHR by western
blotting. The Histone H3 and GAPDH were used as nuclear and
cytoplasmic loading controls, respectively.

Immunocytochemistry
Immorto fetal enteric neuronal cells were treated with vehicle,
1 nM TCDD with or without 10 mM CH-223191, a potent and spe-
cific antagonist of AHR for 24 h. Cells were pretreated with 10 mM
CH-223191 for 1 h prior to the addition of TCDD. Cells were fixed
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using 4% paraformaldehyde (30 min) and permeabilized (10 min)

with 0.3% Triton X-100. This was followed by blocking the cells

with 3% normal donkey serum (1 h) and overnight incubation

with different primary antibodies (AHR, TUJ1, and nNOS,

Table 2). Secondary detection was performed in conjunction with

Alexa Fluor 594 or 488. DAPI (AnaSpec, Fremont, CA) was used to

counterstain the nucleus. As a negative control, the primary anti-

body was omitted in certain wells. At least 2 wells (200 cells/well)

were scored in a blinded fashion for each condition in each of the

experiments and the experiment was repeated 3 times. Images

were captured on a Nikon ECLIPES 50i microscope with the NIS

Elements imaging Software (Melville, NY).

Immunofluorescence staining of
primary culture cells
Myenteric neurons from WT and Ahr–/– mice were treated with

1 nM TCDD for 24 h at 37�C. Cells were fixed with 4% paraformal-

dehyde for 20 min, blocked for 1 h in blocking and permeabiliza-

tion solution containing 0.3% Triton X-100 and 5% BSA

(MilliporeSigma, Burlington, MA) in PBS followed by 2 h incuba-

tion with primary antibodies (TUJ1, nNOS, and ChAT, Table 2) at

room temperature. Secondary detection was performed in con-

junction with Alexa Fluor 594 or 488. For quantitation, fluores-

cence intensity of the images was measured using the ImageJ

software (National Institutes of Health, Bethesda, MD).

Statistical analysis
Graph Pad Prism 9.1.1 version software (GraphPad, San Diego,

CA) was used to analyze the data. Statistics was done with the

student’s t test for 2 treatment groups, or with one-way analysis

of variance (ANOVA) for multiple data sets, followed by Tukey’s

multiple comparison test. Results are expressed as mean 6 SEM.

A p value of .05 or less was considered statistically significant.

Results
TCDD-treated mice exhibit delayed
intestinal motility
We investigated the physiological role of AHR in the ENS following
exposure to TCDD. We used a mouse model to determine whether
AHR signaling activated by TCDD in enteric neurons regulates gut
motility. Ten-week-old C57Bl/6J mice were fed with control or TCDD
pills (2.4mg/kg body weight) for 5 days (ST) and 8 weeks (LT). We first
tested the gut motility by stool frequency test where the frequency
of bowel movements was measured as an average number of fecal
pellets passed per hour in both ST and LT treatment groups. No sig-
nificant reduction in the pellet frequency was observed in ST-
treated mice (Fig. 1A). However, in LT-treated mice there was a mod-
erate reduction in stool number at week 2 and a significant reduc-
tion by weeks 6 and 8 in TCDD-treated mice compared to control
mice (Fig. 1B). Accordingly, the wet weight and the dry weight of
stool pellets from week 8 were also significantly lower in TCDD-
treated mice (p< .05; Fig. 1C and D). The total intestinal transit time
(ITT) in LT-treated mice was measured by recording the time for
expulsion of the first red stool pellet after gavage of the nonabsorb-
able red carmine dye. The total ITT was found to be significantly
longer in TCDD-treated mice compared to control mice (Fig. 1E)
(p< .05). Further, intestinal transit (measured as a relative distribu-
tion of FITC-Dextran fluorescence) was also found to be significantly
delayed in LT TCDD-treated mice, as noted from a significantly
reduced intestinal geometric center (p< .05; Fig. 1F). Control mice
exhibited maximal FITC fluorescence retention within ileal segment,
whereas TCDD-treated mice displayed a broader pattern of FITC flu-
orescence in jejunum and ileum. These results suggest that TCDD
treatment resulted in delayed intestinal motility in mice.

Delayed intestinal motility induced by TCDD is
associated with decreased number of nNOS
neurons in the colon
AHR signaling in the ileum and colon myenteric plexi of both ST-
and LT-treated mice was examined by assessing Cyp1a1

Table 1. Primers used for real-time PCR

Gene Forward primer (50!30) Reverse primer (50!30)

Cyp1a1 CTC TTC CCT GGA TGC CTT GAA GGA TGT GGC CCT TCT CAA ATG
Tubb3 AACCATGGACAGTGTTCGGTCT TATAGTGCCCTTTGGCCCAGTT
Nos1 AGGAGGATGCTGGTGTGTTC CTCAGATCTAAGGCGGTTGG
Chat CCCTCCAGCTGGCTTACTAC CAGGAGTGGCCGATCTGATG
Syp TTGGCTTCGTGAAGGTGCTGCA ACTCTCCGTCTTGTTGGCACAC
B2M CATGGCTCGCTCGGTGAC CAGTTCAGTATGTTCGGCTTCC
GAPDH TTGTGATGGGTGTGAACCACGA TCTTCTGGGTGGCAGTGATGG

Table 2. Antibodies used in western blot (WB) and Immunofluorescence (IF)

Antibody/host Company Cat. No. Dilution

AHR/Rabbit Enzo Life Sciences (Farmingdale, New York) BML-SA550-0100 1:1000 (WB), 1:200 (IF)
TUJ1/Mouse abcam (Waltham, Massachusetts) ab78078 1:1000 (WB), 1:500 (IF)
nNOS/Rabbit abcam (Waltham, Massachusetts) ab76067 1:2000 (WB), 1:500 (IF)
ChAT/Goat MilliporeSigma (Burlington, Massachusetts) AB144P 1:400 (WB), 1:100 (IF)
Histone H3/Rabbit Cell Signaling Technology (Danvers, Massachusetts) 9715 1:2000 (WB)
GAPDH/Rabbit Cell Signaling Technology (Danvers, Massachusetts) 2118 1:2500 (WB)
HRP-conjugated anti-rabbit Cell Signaling Technology (Danvers, Massachusetts) 7074 1:2000-5000 (WB)
HRP-conjugated anti-mouse Cell Signaling Technology (Danvers, Massachusetts) 7076 1:2000 (WB)
HRP-conjugated anti-goat R&D Systems (Minneapolis, Minnesota) HAF017 1:800 (WB)
Donkey anti-Rabbit, Alexa Fluor 594 Invitrogen (Waltham, Massachusetts) A21207 1:200 (IF)
Donkey anti-Goat, Alexa Fluor 594 Invitrogen (Waltham, Massachusetts) A32758 1:200 (IF)
Donkey anti-Mouse, Alexa Fluor 488 Invitrogen (Waltham, Massachusetts) A21202 1:200 (IF)
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expression by qPCR. TCDD-induced Cyp1a1 expression signifi-
cantly in both ST and LT tissues compared to control mice
(p< .0001; Fig. 2A). We next assessed the total number of neurons
and the type of neurons affected by TCDD in both ST and LT
colon and ileum myenteric plexi by qPCR. TCDD induced signifi-
cant reduction in Tubb3 (gene symbol for TUJ1, representing total
neurons, p< .01) and Nos1 (gene symbol for nNOS) gene expres-
sion (p< .05) in LT colonic myenteric plexi. There was no change
in the Tubb3 and Nos1 expression in ST colon and Ileum, and LT
ileum in control and TCDD-treated mice (Fig. 2B and C). Chat
(gene symbol for ChAT) expression was not affected by TCDD in
both ST and LT colon and ileum myenteric plexi (Fig. 2D).
Consistent with this observation, we found a reduction in nitrer-
gic neurons stained with NADPH diaphorase (proximal colon) or
nNOS (distal colon) specific antibody, and the total number of
neurons (neuronal marker, TUJ1) in TCDD-treated mice (LT) com-
pared with control mice, with no difference in cholinergic neu-
rons assessed by acetylcholine (ACh) or ChAT staining (Fig. 2E).
Our in vivo data demonstrated a role for AHR signaling in modu-
lating intestinal motility and influencing nNOS neurons in
response to environmental toxicant TCDD.

AHR activation by TCDD leads to loss of nNOS
neurons
To verify whether reduction in nitrergic neurons is due to TCDD-
induced AHR activation, we compared the effects of TCDD on
enteric neuronal primary culture cells isolated from WT and
Ahr�/� mice. Cells were treated with either vehicle or TCDD (0.1
and 1 nM) for 24 h. Lack of AHR activity in Ahr�/� mice was dem-
onstrated by assessing Cyp1a1 expression by qPCR. TCDD stimu-
lates Cyp1a1 expression in primary culture cells isolated from WT
mice but not the cells isolated from Ahr�/� mice (Fig. 3A). We
next assessed the effect of TCDD on enteric neuronal numbers
and neuronal subtypes by qPCR. 1 nM TCDD significantly reduced
the total number of neurons (Tubb3) and affected nitrergic neu-
rons (Nos1) in cells isolated from WT mice (Fig. 3B and C), but not

Ahr�/� mice. No change was noted in the expression of Chat in
cells from both mice (Fig. 3D). qPCR data was validated by immu-
nostaining of primary culture cells for nNOS and ChAT costained
with neuronal marker TUJ1 (Fig. 3E). These results confirmed the
involvement of AHR in reducing nitrergic neurons upon activa-
tion by TCDD.

TCDD induces activation of AHR signaling
in IM-FEN cells
We first examined the protein levels of AHR in subcellular frac-
tions of IM-FEN cells treated with various doses of TCDD (0.1, 1,
and 10 nM) for 30 min by immunoblot analyses. We observed that
exposure of cells to TCDD induced a significant dose-response
shift in AHR protein from the cytosolic to the nuclear compart-
ment (Fig. 4A). The decreased level of nuclear AHR following
10 nM TCDD treatment vs 1 nM could be due to increased protea-
somal degradation. We validated this observation by immunos-
taining the cells with AHR and neuronal marker TUJ1. Neurons
treated with 1 nM TCDD exhibited more nuclear signal indicating
AHR translocation into nucleus compared to vehicle (Fig. 4B). In
addition, qPCR analysis revealed that the Cyp1a1 expression in
cells treated with all three doses of TCDD was significantly
increased (�3000-fold, p< .0001) compared to vehicle-treated
cells (Fig. 4C). These results indicate that IM-FEN cells express
AHR and TCDD induces AHR activation in these cells.

TCDD affects IM-FEN cells with reduced nNOS
and synaptophysin expression
Next, we investigated the effect of TCDD on total number of neu-
rons and subtypes by examining changes in neuronal marker
TUJ1 and neuronal subtypes like nNOS and ChAT, and synaptic
marker synaptophysin. TCDD treatment for 24 h caused a signifi-
cant decrease in the expression of neuronal marker Tubb3
(p< .01; Fig. 5A) and a dose-dependent reduction in Nos1 and Syp
(gene symbol for synaptophysin) RNA expression (Fig. 5B and D)
while Chat expression was unchanged (Fig. 5C) compared to

Figure 1. Delayed intestinal transit in C57Bl/6J mice treated with TCDD (2.4 mg/kg body weight). Ten-week-old C57Bl/6J mice were fed with transgenic
dough pill with either vehicle for the control group or TCDD for the treatment group, for 5 days (ST) and 8 weeks (LT). GI motility was assessed by stool
frequency (number of stool pellets per hour per mouse) test in both short-term and LT groups, total GI transit time (time for expulsion of the first red
stool pellet after gavage of the red carmine dye) and 70-KDa FITC-Dextran distribution (assess the distribution of FITC-Dextran in the segments of the
small intestine (1–8), cecum (9), and colon (10 and 11)), in LT group mice. A, Stool frequency in ST-treated mice. B–D, Stool frequency, wet weight, and
dry weight of LT-treated mice. E, Whole gut transit by carmine red dye test on mice from LT study. F, FITC-Dextran distribution in LT group mice
treated for 8 weeks, n¼7–8 mice. Results are mean 6 SEM, *p< .05; **p< .01.
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Figure 3. TCDD stimulates Cyp1a1 expression in primary enteric neuronal culture cells isolated from WT mice and affects enteric neurons but not the
cells isolated from Ahr�/�mice. Enteric neuronal primary culture cells isolated from WT and Ahr�/�mice were treated with either vehicle or TCDD (0.1
and 1 nM) for 24 h. Gene expression of (A) Cyp1a1, and (B–D) Tubb3, Nos1, and Chat by qPCR. E, Representative photographs and histograms from the
immunostaining of primary culture cells for nNOS and ChAT costained with neuronal marker TUJ1. Scale bar, 50 mm. n¼ 3. Results are mean 6 SEM,
*p< .05; **p< .01; ****p< .0001.

Figure 2. TCDD induces activation of AHR signaling in the intestine and colon of mice treated with TCDD and affects colonic nitrergic neurons. RNA
was extracted from the myenteric plexi of ileum, and colon of ST and LT-treated mice and qPCR performed to assess the effect of TCDD on gene
expression of (A) Cyp1a1, and (B–D) Tubb3, Nos1 and Chat. E, Representative photographs and histograms for proximal colon whole mount staining for
NADPH diaphorase; ACh; and distal colon whole mount staining for TUJ1, nNOS, and ChAT from LT group mice treated for 8 weeks, are shown. The
number of neurons stained for a specific marker was determined per unit area. At least 10 random fields were scored in a blinded fashion. Scale bar,
50 mm. n¼ 7–8 mice. Results are mean 6 SEM, *p< .05; **p< .01; ****p< .0001.
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Figure 4. TCDD induces translocation of AHR to the nucleus and target gene Cyp1a1 expression in IM-FEN cells. A, Western blot for AHR protein
expression in the cytoplasmic and nuclear fractions of cells treated with TCDD (0.1, 1, and 10 nM) for 30 min, showing its nuclear translocation upon
activation by TCDD. B, Representative images of AHR (red), TUJ1 (green), and DAPI (blue) immunostaining of IM-FEN cells treated with 1 nM TCDD for
24 h. Thick arrows point to cytoplasmic and line arrow point to nuclear (arrow) signals. C, Cyp1a1 gene expression in cells treated with various doses of
TCDD (0.1, 1, and 10 nM) for 24 h by qPCR. Scale bar, 50 mm. Similar results were obtained in 3 independent experiments. Results are mean 6 SEM,
*p< .05; **p< .01; ****p< .0001.

Figure 5. TCDD affects IM-FEN cells and alters nNOS and synaptophysin expression. Cells were treated with vehicle or various doses of TCDD (0.1, 1,
and 10 nM) for 24 h. qPCR was performed to assess the effect of TCDD on total number of neurons and subtypes by examining changes in neuronal
marker beta Tubulin 3 (Tubb3), and neuronal subtypes like neuronal nitric oxide synthase (Nos1), Chat, and synaptic neuron marker synaptophysin
(Syp). A–D, Gene expression of Tubb3, Nos1, Chat, and Syp by qPCR. E, Representative Western blot for TUJ1, nNOS, ChAT, and the graphical
representation. Similar results were obtained in 3 independent experiments. Results are mean 6 SEM, *p< .05; **p< .01; ***p< .001.
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vehicle. This data was supported by western blot analysis with
similar results (Fig. 5E), although 0.1 nM TCDD did not affect
nNOS protein expression in these cells.

Reduced expression of neuronal markers in IM-
FEN cells exposed to TCDD is AHR dependent
CH-223191 has been shown to preferentially inhibit AHR-TCDD
binding and subsequent AHR-dependent gene expression (Zhao
et al., 2010). To explore the involvement of AHR in TCDD-elicited
suppression of neuronal marker expression, cells were pretreated
with an AHR antagonist, CH-223191 (10 mM) for an hour and then
treated with 1 nM TCDD for 24 h. qPCR was performed to assess
the changes in the neuronal marker Tubb3, and neuronal sub-
types like Nos1, Chat, and Syp (synaptic marker). TCDD reduced
Tubb3, Nos1, and Syp expression significantly (p< .01) and had no
effect on the expression of cholinergic neurons, Chat. CH-223191
reversed the inhibition of expression of Tubb3, Nos1, and Syp
induced by TCDD (Fig. 6A) indicating that AHR was involved in
the TCDD-induced effect. Similar results were obtained with
immunocytochemistry of IM-FEN cells treated with 1 nM TCDD
in the presence or absence of CH-223191 for nNOS. CH-223191
partially reversed the effect of TCDD on nNOS protein expression
(Fig. 6B). These results confirm the involvement of AHR signaling
in affecting neuronal subtypes and synaptic protein upon expo-
sure to TCDD.

TCDD affects IM-FEN cell survival, but not
proliferation by eliciting apoptosis in IM-FEN cells
Our in vivo findings demonstrated a role for TCDD-induced AHR
signaling in modulating intestinal motility and influencing nNOS
neurons. We sought to determine whether the reduction in neu-
ronal marker expression is due to reduced cell proliferation or
cell survival. We used IM-FEN cells to examine the effect of TCDD

(0.1, 1, and 10 nM) on enteric neuronal cell proliferation and sur-
vival. We have previously shown that IM-FEN cells cultured at
the permissive temperature, 33�C proliferate until confluent
monolayers were formed and then differentiate at 39�C (Anitha
et al., 2008). Cell proliferation was assessed by BrdU labeling as
described in the Methods section. There was no significant
change in the BrdU labeling among treated cells ruling out the
role of TCDD on cell proliferation (Fig. 7A). Cytotoxicity in cells
treated with TCDD for 24 h was assessed by the lactate dehydro-
genase (LDH) release assay, a well-established assay for cell via-
bility. All three doses of TCDD induced a statistically significant
increase of LDH release in the culture medium of IM-FEN cells
(p< .01; Fig. 7B) demonstrating the potential of TCDD to promote
neuron cell death. Having observed the cytotoxic effect of TCDD,
we next assessed the susceptibility of IM-FEN cells to apoptosis
upon exposure to TCDD by looking at the activity of caspase 3/7,
an important executioner of the apoptosis process. TCDD (1 and
10 nM) caused a significant increase (p< .0001; Fig. 7C) in caspase
3/7 activity compared to the vehicle-treated cells. These data sug-
gest that TCDD can affect cell survival by inducing apoptosis in
enteric neurons.

Discussion
Our studies show delayed intestinal motility in LT TCDD-treated
mice as demonstrated by reduced stool frequency, increased
total GI transit time, and delayed intestinal transit compared to
control mice. Our results from enteric neuronal primary cells,
isolated from WT and Ahr�/� mice, confirmed the involvement of
AHR in reducing the total number of neurons and affecting
nitrergic neurons upon activation by TCDD. We also found that
TCDD-induced cytotoxicity in IM-FEN cells by eliciting apoptosis.
Taken together, our findings suggest AHR activation by TCDD in

Figure 6. Reduced expression of neuronal markers in IM-FEN cells exposed to TCDD is AHR dependent. Cells were pretreated with an AHR antagonist,
CH-223191 (10 mM) for an hour and then treated with 1 nM TCDD for 24 h. A, Real-time PCR was done to assess the changes in Tubb3, Nos1, Chat, and Syp
(synaptic marker). B, Representative images of neuronal marker TUJ-1 (green), nNOS (red), and DAPI (blue) immunostaining in IM-FEN cells treated
with 1 nM TCDD in the presence or absence of 10 mM CH-223191. Data represent three independent experiments. Scale bar, 50 mm. Results are mean 6

SEM, *p< .05; **p< .01; ***p< .001.
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enteric neurons has an influential role in modulating the survival
of nitrergic neurons and intestinal motility.

AHR is a pleiotropic signal transductor and is responsive to
several exogenous and endogenous molecules including polycy-
clic aromatic hydrocarbons (PAHs). The major exposure route for
humans to PAHs is dietary sources and up to 70% of PAH expo-
sure for a nonsmoking person can be associated with their diet
(Rengarajan et al., 2015). Epidemiological studies have indicated
that the increasing cancer prevalence can be partly attributed to
PAHs exposure (Harris et al., 2013; Rengarajan et al., 2015;
Sampaio et al., 2021). A recent human study reported an associa-
tion between PAH exposure and diarrhea in adults (Wu et al.,
2021). Additionally, recent studies have shown that the dietary
and microbial means can increase the amount of health-
promoting AHR ligands to manage inflammatory bowel diseases
and prevent colon cancer (Han et al., 2021).

In the 50 years since AHR was discovered as a cytosolic recep-
tor and ligand-activated transcription factor for TCDD in mam-
malian tissues and cells, our knowledge of the physiologic role
AHR plays in determining health and disease has burgeoned. Our
findings build on previous studies that demonstrated the role of
AHR in gut motility (Obata et al., 2020). The ENS is composed of
neurons and glial cells organized into two intrinsic neural net-
works, the myenteric plexus and the submucosal plexus within
the gut wall, regulating various processes such as blood flow,
fluid exchange, and peristalsis (Furness, 2012). We found AHR
activity in the intestine and colon as indicated by Cyp1a1 expres-
sion, although we did not look at AHR expression in these tissues.
Obata et al. showed the Ahr deletion in enteric neurons, or
neuron-specific constitutive overexpression of Cyp1a1 reduced
peristaltic activity in the colon of mice (Obata et al., 2020) and
obtained similar results in microbiota-depleted specific-patho-
gen-free mice. The authors attributed this delayed motility to
microbiota- and ligand-dependent activation of AHR signaling in
colonic neurons. Recent work has shown decreased motility in
the small intestine of global Ahr�/� mice (Zhou et al., 2023) and
the authors attributed this dysmotility to dietary, rather than
microbial, metabolite-mediated AHR activation. Although the
above studies appear to happen due to temporal and regional fac-
tors, in our current study, we noticed delayed motility in the
small intestine, based on intestinal transit assessment using

70 kDa FITC-dextran study (1 h), as well as in the colon, based on
the stool frequency test and total GI transit time using carmine
red dye, in mice with LT TCDD treatment. These mice were on
standard chow diet and treatment was for an extended period of
8 weeks during which we can expect ligand- and microbiota-
dependent activation of AHR and signaling in intestine and colon.
In addition, TCDD likely induced Cyp1a1 expression significantly
in mouse ileum and colonic LMMP, enough to act as negative
feedback regulator (Schiering et al., 2017) in enteric neurons
which might phenocopy the effect of neuron-specific or global
deletion of Ahr on intestinal motility, as observed by Obata et al.
and Zhou et al. However, reduced expression of Tubb3 and Nos1
was evident only in colonic myenteric neurons of TCDD-treated
mice. Intestinal motility is controlled by enteric nitrergic or inhib-
itory (relaxation) and cholinergic or excitatory (contraction)
motor neurons that innervate the layers of smooth muscle. Loss
of nNOS neurons can lead to altered coordination between choli-
nergic and nitrergic neurons thereby contributing to a hypercon-
tractility, abnormal peristalsis, and subsequent constipation
(Anitha et al., 2012; Brookes, 1993). Most of the effects of NO, the
main enteric inhibitory neurotransmitter responsible for GI relax-
ation (Sanders and Ward, 2019) are mediated by NO-sensitive
guanylate cyclase (NO-GC) and further transduced by cGMP-
dependent mechanisms. Studies with knockout animal models
have reported NO/cGMP as the main signaling pathway which
influences GI motility (Dhaese et al., 2009; Groneberg et al., 2016).
By regulating the expression of guanylate cyclases, AHR may
indirectly influence the signaling pathways that are activated by
NO. In Caenorhabditis elegans, Qin et al., have shown that the AHR
ortholog, AHR-1 controls the expression of soluble guanylate
cyclase genes in the URX neurons and regulates aggregation
behavior (Qin et al., 2006). However, the role of AHR in the sensing
of NO and the mechanisms by which AHR regulates the expres-
sion of guanylate cyclases is still not fully understood. We report
that AHR activation by TCDD leads to loss of nNOS-expressing
neurons which might result in reduced production of nitric oxide
(NO) thereby affecting the cGMP/guanylyl cyclase (Gcy) signaling
pathways. Further studies are warranted to investigate potential
connections between AHR and NO/cGMP signaling pathways.

Our results from primary enteric neuronal culture cells iso-
lated from the ileum and colons of mice treated with TCDD,

Figure 7. TCDD affects IM-FEN cell survival, but not proliferation by eliciting apoptosis in IM-FEN cells. Cells were treated with vehicle or various doses
of TCDD (0.1, 1, and 10 nM) for 24 h. A, BrdU labeling of IM-FEN cells grown at the permissive temperature (33�C) in medium containing interferon-c.
BrdU was added to the medium 3 h before fixation. The OD reading corresponds to the BrdU concentration in the cells. B, Cytotoxicity assessed by LDH
release assay. C, Cell death by apoptosis assessed by measuring Caspase 3/7 activity 1 h after adding the Caspase-Glo 3/7 Reagent. Results are mean 6

SEM, *p< .05; **p< .01; ****p< .0001.
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suggest reduction in Tubb3 and Nos1 expression is due to AHR sig-
naling induced by TCDD in the myenteric neurons. Although
AHR acts as a regulator of peristatic activity under homeostatic
conditions, its function in the ENS following exposure to environ-
mental POPs has not been extensively studied. Fader et al., report
an increase in whole gut transit time and intestinal permeability
in TCDD-treated mice compared to control mice (Fader et al.,
2017). They observed decreased gut motility in accordance with
increased intestinal reabsorption and decreased fecal excretion
of bile acids in TCDD-treated mice. To our knowledge, our study
is the first linking AHR-mediated modulation of the ENS upon
activation by TCDD and delayed intestinal motility in mice.

Sexual dimorphism in response to toxic substances may occur
due to differences in physical, physiological, or behavioral char-
acteristics, as well as the specific toxicant and dose. For instance,
xenobiotics like TCDD can interact with AHR differently in male
and female animals. A dose of TCDD that was lethal to wild-type
male mice was not lethal to wild-type females or to Cyp1a1�/�

males (Uno, 2004). Sex-related differences have been noticed in
common functional gastroenterological disorders including IBS
where women are more likely to have severe symptoms including
constipation or bloating, and diarrhea than men (Narayanan
et al., 2021). Mice studies have shown sexual dimorphism in gut
motility (Soni et al., 2019). Including both male and female sexes
in experiments could help better understand differences in drug
responses between males and females, disease pathogeneses,
and thus improve treatment strategies. Although our studies
were done with male mice to avoid sex as a confounding factor, it
is important for future studies to examine female mice.

The impact of TCDD on neurogenesis, survival, proliferation,
and differentiation of neurons has been extensively studied in
the CNS (Jung et al., 2009; Juricek and Coumoul, 2018; Latchney
et al., 2011, 2013) but not in the ENS. We used various doses of
TCDD (0.1, 1, and 10 nM) for in vitro study using IM-FEN cells.
These cells express AHR and TCDD induces nuclear translocation
of AHR with significant induction of Cyp1a1 expression, demon-
strating their suitability for studying AHR signaling. Further,
TCDD exposure affected IM-FEN cells as noted by reduced neuro-
nal marker TUJ1, nNOS, and the synaptic marker synaptophysin.
We report that TCDD affected the enteric neurons at a lower dose
of 0.1 nM TCDD. CH-223191, an AHR antagonist reversed this
effect indicating the involvement of AHR in TCDD-elicited sup-
pression of nitrergic neuron expression and the synaptic marker
showing its importance in the organization of the ENS during
development and injury. When we investigated the cause of this
reduced expression, it was evident that TCDD-induced cytotoxic-
ity in these cells. Studies have shown TCDD induced activation of
apoptotic signals in NGF-differentiated pheochromocytoma
(dPC12) cells, mouse cerebellar granule cells, primary cultures of
cerebral cortical neurons, and zebrafish larvae (Hill, 2003;
S�anchez-Mart�ın et al., 2010, 2011; Tomasini et al., 2012). We did
not observe any effect of TCDD on IM-FEN cell proliferation as
opposed to reduced proliferation seen in primary neural precur-
sor cells isolated from the ventral forebrain of embryonic mice
and SK-N-SH human neuronal cells (Jin et al., 2004; Latchney
et al., 2011). Studies have shown synaptopathy, disruptions in
synaptic structure and function, as the initial event preceding
subsequent neurodegeneration diseases like Alzheimer’s and
Parkinson’s disease (Bae and Kim, 2017). Synaptophysin immuno-
histochemistry has shown changed intestinal distributions of
synaptophysin-positive synaptic vesicles in intestinal motility
disorders (Dzienis-Koronkiewicz et al., 2005). We have previously
shown cultured IM-FEN cells expressing synaptic protein

synaptophysin (Anitha et al., 2008). Reduced expression of synap-
tophysin was observed with TCDD treatment suggesting TCDD
effect may be associated with enteric neuropathies thereby con-
tributing to the pathogenesis of intestinal motility disorders.

Taken together, our findings suggest that optimum AHR acti-
vation is needed for normal intestinal motility and physiology
and excess activation leads to damage to neurons. Future studies
will need to identify the potential target and effector genes of
AHR activation in the ENS and examine the mechanism of AHR
in regulating neuronal cell death. AHR is a novel target in neuro-
toxicity and neurodegeneration, thus pharmacological or dietary
interventions that modulate AHR activity could offer a strategy
for the management of intestinal motility disorders.
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