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BACKGROUND: 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a persistent and toxic environmental pollutant. Gestational exposure to TCDD has been
linked to cognitive and motor deficits, and increased incidence of autism spectrum disorder (ASD) traits in children. Most animal studies of these neu-
rodevelopmental effects involve acute TCDD exposure, which does not model typical exposure in humans.

OBJECTIVES: The aim of the study was to establish a dietary low-dose gestational TCDD exposure protocol and performed an initial characterization
of the effects on offspring behavior, neurodevelopmental phenotypes, and gene expression.
METHODS: Throughout gestation, pregnant C57BL/6J mice were fed a diet containing a low dose of TCDD (9 ng TCDD/kg body weight per day) or a
control diet. The offspring were tested in a battery of behavioral tests, and structural brain alterations were investigated by magnetic resonance imag-
ing. The dendritic morphology of pyramidal neurons in the hippocampal Cornu Ammonis (CA)1 area was analyzed. RNA sequencing was performed
on hippocampi of postnatal day 14 TCDD-exposed and control offspring.
RESULTS: TCDD-exposed females displayed subtle deficits in motor coordination and reversal learning. Volumetric difference between diet groups
were observed in regions of the hippocampal formation, mammillary bodies, and cerebellum, alongside higher dendritic arborization of pyramidal
neurons in the hippocampal CA1 region of TCDD-exposed females. RNA-seq analysis identified 405 differentially expressed genes in the hippocam-
pus, enriched for genes with functions in regulation of microtubules, axon guidance, extracellular matrix, and genes regulated by SMAD3.
DISCUSSION: Exposure to 9 ng TCDD/kg body weight per day throughout gestation was sufficient to cause specific behavioral and structural brain phe-
notypes in offspring. Our data suggest that alterations in SMAD3-regulated microtubule polymerization in the developing postnatal hippocampus may
lead to an abnormal morphology of neuronal dendrites that persists into adulthood. These findings show that environmental low-dose gestational ex-
posure to TCDD can have significant, long-term impacts on brain development and function. https://doi.org/10.1289/EHP7352

Introduction
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a persistent or-
ganic pollutant, a member of the polychlorinated dibenzo-p-diox-
ins/furans (PCDD/F) family (Poland et al. 1976). TCDD is a by-
product of industrial processes such as the production of iron,
steel, and paper pulp, and of the burning of waste (Anderson and
Fisher 2002). Incidences of high release of TCDD have occurred
as a result of the Seveso disaster in 1976 (Needham et al. 1999)
and the use of Agent Orange during the Vietnam War (Tai et al.
2011). Human exposure occurs mainly through consumption of
contaminated food and drink, with TCDD bioaccumulating in the
bodies of animals due to its lipophilic properties (EFSA
CONTAM Panel 2018). TCDD has a half-life of around 4–11 y

in the body (Pirkle et al. 1989; Wolfe et al. 1994; Aylward and
Hays 2002) and can be transferred via the placenta and breast
milk to the fetus and child (Nau et al. 1986). TCDD is considered
the most toxic congener of the PCDD/F family, based on in vivo
and in vitro studies of toxicity to reproduction, immunotoxicity,
carcinogenicity, and teratogenicity (Safe 1998). TCDD acts as a
potent agonist of the aryl hydrocarbon receptor (AHR), a member
of the helix-loop-helix family (Poland et al. 1976). AHR is a
ligand-activated transcription factor, sensitive to multiple endog-
enous ligands as well as exogenous ligands including PCDD/Fs
and a subset of polychlorinated biphenyls (dioxin-like, or DL-
PCBs) (Landers and Bunce 1991; Bock 2019).

Studies aimed at understanding the consequences of exposure
to TCDD and related compounds have identified correlations
between the levels of pre- and postnatal exposure and lower neu-
rodevelopmental, cognitive, and psychomotor scores in children
(Koopman-Esseboom et al. 1996; Vreugdenhil et al. 2002;
Nakajima et al. 2006; Lee et al. 2007; Park et al. 2010; Nishijo
et al. 2012; Tai et al. 2013, 2016; Tran et al. 2016; Pham et al.
2019). Cognitive and motor deficits have also been identified in
rodent studies of gestational TCDD exposure (Table 1) (Schantz
et al. 1996; Seo et al. 1999; Hojo et al. 2002; Powers et al. 2005;
Kakeyama et al. 2014). Gestational exposure to TCDD impaired
spatial learning in the Morris water maze (MWM) test in rats
(Zhang et al. 2018), and memory deficits in contextual fear condi-
tioning (CFC) tests have been observed in gestationally exposed
rats (Mitsui et al. 2006) and mice (Haijima et al. 2010). Other
studies have found that the TCDD-exposed animals performed
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better than controls in some learning tasks (Schantz et al. 1996;
Seo et al. 1999, 2000; Widholm et al. 2003), and some studies
identified nonmonotonic dose–response effects on learning
behaviors (Seo et al. 2000; Markowski et al. 2002; Kakeyama
et al. 2014). Several studies have identified motor coordination
and motor development deficits in rats gestationally exposed to
TCDD (Thiel et al. 1994; Nishijo et al. 2007; Zhang et al.
2018).

TCDD levels in breast milk were shown to correlate with
higher scores on autism spectrum rating scales (Nishijo et al.
2014), decreased social-emotional scores (Pham et al. 2015), and
language deficits (Nishijo et al. 2012; Tai et al. 2016; Pham et al.
2019), suggesting that TCDD exposure might increase the preva-
lence or severity of autism spectrum disorder (ASD). Both the
increase in ASD traits and the language deficits were more pro-
nounced in boys than in girls. Subtle deficits in language scores
have also been noted in children prenatally exposed to PCDD/F
and PCBs, with girls more prominently affected (Caspersen et al.
2016a; 2016b). Another study failed to find an association
between ASD and DL-PCBs (Granillo et al. 2019), and in a study
of German children, maternal PCDD/F and DL-PCBs concentra-
tions correlated with a reduction in ASD-like traits, especially in
girls (Nowack et al. 2015). Some animal studies have identified
effects of gestational TCDD exposure on ASD-like behaviors
(Negishi et al. 2006; Nguyen et al. 2013a), with offspring of
TCDD-exposed mice displaying behavioral inflexibility, compul-
sive repetitive behavior, and lowered competitive dominance
(Endo et al. 2012). Conversely, pups exposed with the same ex-
perimental exposure paradigm but to a higher dose did not show
the social or repetitive phenotypes, but those pups did display

altered ultrasonic vocalization (USV) patterns, again suggestive
of a nonmonotonic dose response (Kimura and Tohyama 2018).

The mechanisms by which TCDD disrupts neurodevelopment
are poorly understood. Disruption of dendritic morphology may
play an important role. Expression of a constitutively activated
AHR has been shown to disrupt dendritic morphology of inter-
neurons in the olfactory bulbs (Kimura et al. 2016), cortical layer
II/III neurons (Kimura et al. 2017), and pyramidal cells in the
Cornu Ammonis (CA)1 region of the hippocampus (Kimura et al.
2015) in mice. Constitutive activation of AHR in the hippocam-
pus from E14.5 resulted in longer second-order branches of CA1
neurons. Offspring of mice orally exposed to 600 ng TCDD/kg
body weight (BW) at embryonic day (E) 12.5 displayed a signifi-
cant increase in the length of third-order apical branches, whereas
mice given a higher dose of 3,000 ng=kg BW displayed a small
decrease in the length of the second-order branches (Kimura et al.
2015). These morphological changes were detected at postnatal
day (PND) 14 but not in aged mice, suggesting that this was a
transient effect (Kimura et al. 2015).

Dendrite morphology is an important determinant of synaptic
inputs, and an abnormal morphology is expected to affect the syn-
aptic connectivity of functional neuronal networks in the brain
(Chklovskii 2004). Dendrite morphology is regulated by myriad
factors extrinsic and intrinsic to the developing neuron (Dong
et al. 2015; Ledda and Paratcha 2017). The cytoskeleton is
formed mainly of microtubules and actin filaments, and it con-
trols both the dendritic structure and transport of molecules and
cell components along them. Factors that interact with microtu-
bules, such as collapsin response-mediator proteins (CRMPs),
can modulate dendritic morphology by regulating microtubule

Table 1. Summary of studies of the behavioral and neurodevelopmental effects of gestational and lactational exposure to TCDD in animal models.

Study Model Dosage (ng TCDD/kg body weight) Outcome

Thiel et al. 1994 Wistar rats 300 ng on E19, then maintenance doses of
120 ng/week

Motor deficit on the rotarod.

Schantz et al. 1996 Sprague-Dawley rats 25 or 100 ng/day on E10-E16 Fewer errors in RAM working memory task.
Seo et al. 1999 Sprague-Dawley rats 100 ng/day on E10-E16 Fewer errors in RAM working memory task, deficit in

visual RL, no effect on MWM and spatial RL.
Seo et al. 2000 Sprague-Dawley rats 100 or 200 ng/day on E10-E16 Fewer errors in RAM, observed only in males and only

after exposure to the lower dose.
Hojo et al. 2002 Sprague-Dawley rats 20, 60, or 180 ng on E8 Sexually dimorphic effect on operant behavior.
Markowski et al. 2002 Holtzman rats 60, 180, 540 ng on E15 Non-monotonic dose-response in impairment of cued

delayed alternation behavior.
Widholm et al. 2003 Sprague–Dawley rats 100 ng/day on E10-E16 Fewer errors in visual learning for males and in visual

RL for females.
Powers et al. 2005 Mice 5,000 ng on E13 AhR−=+ Females displayed increased errors in RAM, and

changes in hippocampus structure.
Mitsui et al. 2006 Wistar rats 1,000 ng on E15 Sexually dimorphic effects on CFC and CREB activation

in the hippocampus.
Negishi et al. 2006 Rhesus monkeys 30 or 300 ng on E20 then maintenance

doses of 1.5 or 15/month
Altered social interactions.

Nishijo et al. 2007 Wistar rats 100 ng /day on E9-E19 Delayed motor development, deficit in active avoidance
learning.

Haijima et al. 2010 Mice 3,000 ng on E12.5 Deficits in CFC and auditory fear conditioning.
Endo et al. 2012 Mice 600 or 3,000 ng on E12.5 Behavioral inflexibility, increased repetitive behaviors

and abnormal social behavior observed in the lower
dose only.

Nguyen et al. 2013a Wistar rats 1,000 ng on E15 Sexually dimorphic effects on the structure of the medial
prefrontal cortex and the superior colliculus and on
putative GABAergic neurons.

Kakeyama et al. 2014 Long-Evans rats 200 or 800 ng on E15 Impaired paired-associate learning and increased anxi-
ety-like behavior in lower dose.

Kimura et al. 2015 Mice 600 or 3,000 ng on E12.5 Disrupted dendritic branch growth and dendritic spine
density in the hippocampus.

Zhang et al. 2018 Sprague-Dawley rats 200 or 800 ng=d on E8-E14 Premature motor development, and impaired spatial
learning in the MWM.

Kimura and Tohyama 2018 Mice 600 or 3,000 ng on E12.5 Pup ultrasonic vocalizations altered in the higher dose.

Note: AhR, aryl hydrocarbon receptor; CFC, contextual fear conditioning; CREB, cAMP-response element binding protein; E, embryonic day; MWM, Morris water maze; RAM, ra-
dial arm maze; RL, reversal learning; TCDD, 2,3,7,8 tetrachlorodibenzo-p-dioxin.
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dynamics (Schmidt and Strittmatter 2007). Many of the genes
with well-characterized roles in axon guidance, such as sema-
phorins and ephrins, also have important roles in dendritic devel-
opment (Dong et al. 2015; Ledda and Paratcha 2017). Gestational
TCDD exposure has been shown to induce expression of the
Sema3b and Sema3g genes in the olfactory bulbs in mice, suggest-
ing that TCDD can dysregulate pathways controlling neuron mor-
phology (Kimura et al. 2016).

Some of the variation in behavioral phenotypes observed in
different studies could be due to differences in the dose of
TCDD, with several studies pointing to nonmonotonic dose–
response effects on behavior (Markowski et al. 2002; Kakeyama
et al. 2014). The half-life of TCDD is much shorter in rodents
than in humans, and subchronic TCDD exposure of rodents to
10 ng=kg BW/d has been estimated to result in a steady-state
body burden of around 100 ng=kg BW (EFSA CONTAM Panel
2018). The European Food Safety Authority (EFSA) reviewed
rodent studies with estimated body burdens below 100 ng TCDD/
kg BW, and identified lowest observed adverse effect levels
(LOAELs) and no observed adverse effect levels (NOAELs)
body burdens for outcomes, including sperm production
(25 ng=kg BW) (Faqi et al. 1998), balanopreputial separation
(LOAEL 42–50 ng=kg BW) (Bell et al. 2007), and embryonic
loss (NOAEL 9 ng=kg BW) (Li et al. 2006). Rodent studies of
cognitive, motor, and ASD-like behavioral effects undertaken so
far have mostly used significantly higher doses, with daily doses
of >100 ng TCDD/kg BW/d, and total doses of 180− 5,000 ng
TCDD/kg BW, often given as a single dose (Table 1). Rodent
studies assessing neurodevelopmental and behavioral outcomes
of repeated exposure near the LOAEL and NOAEL are therefore
urgently needed.

To address this need, we exposed pregnant mice to 9 ng
TCDD/kg BW/d in the diet from E0.5 until 2 d after parturition,
with a cumulative dose of 200 ng=kg BW. EFSA modeling would
predict this exposure to result in a total body burden of
100 ng=kg BW or less (EFSA CONTAM Panel 2018). Memory,
motor, and ASD-like behaviors of the offspring were assessed,
and structural magnetic resonance imaging (MRI) was carried
out to compare brain anatomy of TCDD-exposed and control off-
spring. The effects of the TCDD diet on hippocampal neuron cell
morphology and gene expression were then studied to advance
our understanding of the neurodevelopmental impact of gesta-
tional TCDD exposure.

Methods

Animals
C57BL/6J mice (Charles River Laboratories) were bred and main-
tained in the Biological Services Unit at Guy’s Campus or the
Institute of Psychiatry, Psychology and Neuroscience, King’s
College London. All procedures involving animals were approved
by the King’s College London Animal Welfare and Ethical Review
Board (AWERB) and the UK Home Office Animals Scientific
Procedures Act 1986 (Project license P8DC5B496), in accordance
with the relevant guidelines and practises. All efforts were made to
minimize animal suffering and to reduce the number of animals
used.

Mice were housed in open-top cages (32 cm× 16 cm× 14 cm
Techniplast), and given ad libitum access to water, and ad libitum
access to food (PicoLab® Irradiated Rodent Diet 205053,
LabDiet) except when on the TCDD or control diets. The cages
contained sawdust (Litaspen premium; Datesand Ltd.), nesting
(sizzlenest; Datesand Ltd.), and a cardboard shelter (LBS
Biotech). The housing room was kept at an ambient temperature
of 21°C (± 2�C) and at 45% humidity level. The mice were kept

at a regular 12:12 light:dark schedule with white lights (270 lux)
during the light cycle [from 0730 hours to 1930 hours (from 7:30
A.M. to 7:30 P.M.)] and with lights lower than 2 lux during the
dark cycle [1930 hours to 0730 hours (7:30 P.M. to 7:30 A.M.)].
Mice were housed in a conventional (nonbarrier) mouse facility.
Sentinel mice were negative for all Federation of Laboratory
Animal Science Associations (FELASA)-relevant murine infec-
tious agents as diagnosed by a health monitoring laboratory,
Envigo, Huntingdon, UK (https://www.envigo.com/).

Gestational TCDD Exposure
Mouse TCDD and control diets were produced at the Institute of
Marine Research as previously described (Maranghi et al. 2013).
Briefly, the diets were prepared in accordance with the standard
rodent diet formulation AIN-93G, except that freeze-dried
Atlantic salmon was used as the main source of protein and fat,
reflecting the fact that fatty fish are a principal source of dietary
exposure to dioxins. Half of the diet was spiked with 60 pg
TCDD/g feed (TRC-T291370; LGC Limited) dissolved in dime-
thylsulfoxide (DMSO) (C12014.2; Chiron), and the other half
with equivalent DMSO volume. The final concentration of
TCDD was measured as 45:5 pg=g feed in the TCDD diet and
<0:29 pg=g in the control diet. The diets were irradiated and fro-
zen at −20�C for storage. Pregnant female mice were placed on
either the TCDD or the control diet from the day a plug was
found (E0.5) until the litter was at PND2, and then returned to
the normal diet (PicoLab® Irradiated Rodent Diet 20-5053;
LabDiet). During the exposure, the dams were weighed daily and
fed 20% of their BW in diet per day, resulting in an estimated
dose of 9 ng=kg BW/d. Pups were weighed at PNDs 10, 21, 29–
30, and 150 to assess the effect of the diets on weight.

Figure 1 summarizes the overall design of the study. All pups
from each litter were used in the behavior experiments (1–6 pups
per sex per litter). To limit litter effects, where possible litters
were spread across end points such that 1–2 pups per litter were
used in the CA1 morphology and TCDD analyses, and 1–5 pups
per litter used in the MRI analysis. One litter per diet was used
for the gene expression analysis.

Behavioral Testing of TCDD-Exposed and Control Mice
Mice were weaned at PND28 and then singly housed to avoid
any potential confounds from social hierarchies. Although single
housing in mice can be a social stressor, it has been shown to
have minimal effects on the C57BL/6J strain and eliminates the
potential confounds of group housing, such as the establishment
of social hierarchies (Lad et al. 2010). The estrous phase of the
female mice was not checked in this study, but it is unlikely that
this affected the results because there were no major differences
in the variance observed in the behavioral measures between
males and females. Female and male mice were housed in the
same room, which typically results in regular estrous cycling and
synching of estrous in the females (deCatanzaro 2015). Sawdust
and enrichment were changed every other week but never on the
day before or the day of testing.

All testing took place during the light phase (0830 hours to
1830 hours). Although mice are nocturnal animals, previous
research suggests that many behaviors are not affected by the
time of the day mice are tested, but by the change in light levels,
from housing to testing environments (Valentinuzzi et al. 2000;
Beeler et al. 2006). Therefore, all tests were performed under
standard room lighting unless stated otherwise. Behaviors were
performed in soundproof rooms and recorded using a camera
positioned above or next to the test arenas. When needed, the
movement of each mouse was tracked using EthoVision (version
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9.0; Noldus Information Technologies). After each individual
test, boli and urine were removed, and the test arena was cleaned
with 1% Anistel® solution (Trisel Solution) to remove any odors.
Experimenters were blind to the diet group of the animals both
during the testing and subsequent scoring of the recorded behav-
iors. Testing was carried out by female experimenters.

Mice that underwent USV testing were given paw tattoos im-
mediately after testing on PND2 to allow for identification of
pups. Conspecific mice were housed in a room separate from that
of the test mice to ensure the conspecifics were unfamiliar to the
test mice. Test mice were never exposed to the same conspecific
during testing to ensure novelty of the conspecifics.

Behavioral data was analyzed using GraphPad Prism® 8
(GraphPad Software). The effects of diet and batch on behavioral
measures were tested using an unpaired Student t-test, a two-way
or three-way analysis of variance (ANOVA) with Sidak’s multi-
ple comparisons post hoc tests. One-sample Student t-tests were
used to determine whether behavior variables were significantly
different from values expected by chance for the time in the target
quadrant (MWM) and preference ratios (three chamber sociabil-
ity and social novelty test). Because TCDD exposure has often
been linked to sexually dimorphic effects on behavior, each sex
was analyzed separately (Hojo et al. 2002; Powers et al. 2005;
Mitsui et al. 2006; Nguyen et al. 2013b). p<0:05 was considered
significant.

Order of Tests
Mice of both sexes were tested for juvenile social interaction at
PND21, with adult tests commencing once the mice reached 9
weeks of age in two batches. The behavioral tests were carried
out in the following order: juvenile social interactions, light-dark
box, open field, adult social interactions, self-grooming, three-

chamber test, marble burying, elevated plus maze, spontaneous
spatial novelty discrimination test, rotarod, grip strength, MWM,
and CFC. USVs on separation from the nest were measured on a
separate batch of mice.

Juvenile Social Interactions
Mice were tested for social interactions at PND21 using a proto-
col adapted from (McFarlane, et al. 2008). Mice were singly
housed for an hour in the testing room before testing. The test
mouse was placed in a clean empty cage along with a socially
novel sex-matched juvenile conspecific mouse. The cage was
filmed for 10 min, and social (anogenital sniffing, head sniffing,
and body sniffing) and aggressive behaviors of the test mice were
scored from video.

Light-Dark Box Test
The light/dark test was carried out as adapted from (Crawley and
Goodwin, 1980). The arena was a 44 cm×21 cm×21 cm acrylic
box divided into a dark chamber (15 lux) and light chamber (100
lux). The dark chamber made up a third of the total area of the
box. Test mice were placed in the dark chamber and allowed to
explore the box for 5 min. Avoidance of the light chamber was
used as a measure of anxiety.

Open Field Test
The open field test was carried out as adapted from (Candland
and Nagy 1969). Individual mice were placed in a round arena
40 cm in diameter lit at 10 lux. The movements of the mice were
tracked for 10 min. A circle 20 cm in diameter at the center of
the open field arena was designated the center zone, and a ring
5 cm thick around the perimeter of the arena was designated as

Figure 1. Summary of study design. Sample size, age and sex of mice are shown for each set of experiments. All pups from each litter were used in the behav-
ior experiments (1–6 pups per sex per litter). Litters were spread across end points such that 1–2 pups per litter were used in the CA1 morphology and TCDD
analyses, and 1–5 pups per litter were used in the MRI analysis. One litter per diet was used for the gene expression analysis. Note: E, embryonic day; MRI,
magnetic resonance imaging; PND, postnatal day; TCDD, 2,3,7,8 tetrachlorodibenzo-p-dioxin.
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the outer zone. Avoidance of the center zone was used as a mea-
sure of anxiety, and total distance moved in the outer zone was
used as a measure of locomotive activity level.

Adult Social Interactions
Mice were tested at 9 wk old, using a protocol adapted from
McFarlane et al. (2008). Mice were singly housed for an hour in
the testing room before testing. The test mouse was placed in a
clean empty cage along with a socially novel sex-matched juve-
nile conspecific mouse. The cage was filmed for 5 min, and social
(anogenital sniffing, head sniffing, and body sniffing) and aggres-
sive behaviors of the test mice were scored from video.

Self-Grooming
Self-grooming was assessed using a protocol adapted from
McFarlane et al. (2008). Individual mice were placed in an empty
standard housing cage (32 cm×16 cm×14 cm) and given 10
mins to habituate in a dimly lit test room (<10 lux). The cumula-
tive time spent self-grooming in the following 10 mins was
scored from video.

Three-Chamber Sociability and Social Novelty Test
Individual mice were tested in the three-chamber box over three trials
in a protocol adapted fromYang et al. (2011). In trial 1, themicewere
habituated to the empty box over 10min. In trial 2, an unfamiliar sex-
matched juvenile conspecificmousewas placed in awire containment
cup on either the left or right chamber (counter balanced within each
group), and an unfamiliar mouse-like object (tally counter, Appleton
Woods GC101) was placed in a wire containment cup in the opposite
chamber. Test mice could explore the box for 10min. Social pref-
erence was measured as 100× ðtime spent with novel mouseÞ=
ðtime spent with novel mouse novel objectÞ. In trial 3, the
unfamiliar object was replaced with a novel unfamiliar conspe-
cific, and the test was run for another 10 min. Social novelty pref-
erence was measured as 100× ðtime spent with novel mouseÞ=
ðtime spent with novel mouse familiar mouseÞ.

Marble Burying
Repetitive digging behavior was measured in a protocol adapted
from (Deacon 2006), in a dimly lit (10 lux) test room. Twelve
blue glass marbles were placed in a symmetrical 4 cm×3 cm
grid on top of 5 cm of deep sawdust (Litaspen premium;
Datesand Ltd.) in a clean empty cage (32 cm×16 cm×14 cm).
Each mouse was recorded for 30 mins, and the number of mar-
bles buried was counted live at 2.5-, 5-, 7.5-, 10-, 20-, and 30-
min intervals.

Elevated Plus Maze Test (EPM)
The EPM was carried out as adapted from Fernandes and File
(1996). The two closed arms of the EPM were surrounded by
walls and were lit at ∼ 10 lux, whereas the open arms had no
walls and were lit at ∼ 100 lux. The maze was positioned 40 cm
above the floor. Individual mice were placed in a closed arm, and
their movements were tracked for 5 min. Avoidance of the open
arms was used as a measure of anxiety.

Spontaneous Spatial Novelty Discrimination Test
The test was adapted from Bannerman et al. (2008). Testing was
carried out in a Y-shaped maze with extra-maze visual cues at the
end of the two arms. Each mouse was placed in the starting arm
and allowed to explore the maze for 5 min, with one of the arms
blocked off. The mouse was returned to its home cage for 60 min

and then returned to the testing room. The blocked arm was
opened and designated the “novel” arm, with the arm already
explored by the mouse termed the “familiar” arm. The mouse
was again placed in the starting arm and allowed to explore for 5
min, and the time spent on each arm was tracked.

Rotarod
Mice were tested in seven trials over 1 d on the rotarod in a proto-
col adapted from Costa et al. (2004). In each trial, the rod acceler-
ated between 10− 50 rpm over 300 s, and the latency to fall was
recorded. The mice were allowed to rest for 5 min between each
trial.

Grip Strength
Grip strength was measured three times using a Linton Grip
Strength Meter (MJS Technology) and the three recordings were
averaged.

MWM
Spatial memory and learning were assessed in the MWM essen-
tially as described previously (Lad et al. 2010). Mice were tested
in a circular pool 1:3meters in diameter surrounded by four
extra-maze visual cues. Four equidistant positions around the
edge of the pool were designated as Target (T), Opposite (O),
Left (L), and Right (R), dividing the arena into four quadrants.
The mice were tested in four trials per day starting from each
position in a pseudorandom order. On the first day of testing, a
visible platform was placed in the T quadrant. In the acquisition
stage, water was added to submerge the platform, and mice were
tested in 7 consecutive hidden platform days. A probe trial was
carried out after testing on the last day of acquisition. The next
day, the platform was moved to the opposite quadrant, and the
mice tested for reversal learning during the reversal stage. The la-
tency to reach the platform in each trial was recorded. The time
spent in the target quadrant during the probe trial was compared
to the amount of time expected by chance (25%). The proportion
of time the mice spent at the outer part of the pool (the outer
15-cm ring of the arena) was recorded as a measure of thigmo-
taxis, along with any floating behavior and the average swim
velocity.

CFC
The protocol was adapted from Von Hertzen and Giese (2005).
Each mouse was placed into a soundproof box with a stainless-
steel metal grid floor containing a camera (MedAssociates). A
white noise generator provided consistent background noise. The
chamber was cleaned with 70% ethanol (101077Y; VWR), and
an ethanol-soaked tissue was placed under the grid to provide an
olfactory cue. Before testing, the mice were acclimatized in the
testing room for at least 30 min. During training, each mouse was
placed into the chamber and, after an exploratory period of 148 s,
given a 0:7-mA foot shock lasting 2 s, followed by a second foot
shock 30 s later. After another 30 s, the mouse was returned to its
home cage. Contextual fear memory was measured 24 h later by
scoring the frequency of the freezing in the chamber for 5 min.
Freezing was scored manually by observing the mouse for 2 s out
of every 5 s and recording freezing if no movement except respi-
ration was observed during these 2 s.

USVs
Pups were tested as described before (Romano et al. 2013), on
PND2, 4, 6, 8, 10, and 12. During testing, each pup was removed
from its cage and transferred to an empty plastic container in a
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sound-attenuating box. An ultrasound microphone (Avisoft
UltraSoundGate condenser microphone capsule CM16; Avisoft
Bioacoustics) recorded USVs for 3 min, and then the test mouse
was returned to its cage. USVs were recorded using Avisoft
Recorder software (version 3.2) with a sampling rate of 250 kHz,
and then analyzed using Avisoft SASLab Pro (version 5.2.10).
Spectrograms were generated with a fast fourier transformation
(FFT), with FFT length of 1,024 points and a time window over-
lap of 75% (100% Frame, Hamming window). Calls were man-
ually counted after blinding to sex and diet.

Structural MRI
Following behavioral testing, adult mice of both sexes (6–7
months old) were anesthetized by terminal intraperitoneal injec-
tion of sodium pentobarbital and intracardially perfused with
30 mL of buffer [0:1 M PBS, 10 U=mL heparin, 2mM ProHance
(0270-1111; Bracco Diagnostics Inc)], and 30 mL of paraformal-
dehyde (PFA) buffer [0:1 M PBS, 4% PFA (43368:9 M Alfa
Aesar), 2mM ProHance]. Following perfusion, the brains, left in
the skulls, were dissected out and incubated overnight in the PFA
buffer. Samples were then incubated in 0:1 M PBS with 2mM
ProHance and 0.02% sodium azide for at least a month. A multi-
channel 7.0 Tesla MRI scanner (Agilent Inc.) was used to image
the brains within their skulls. Sixteen custom-built solenoid coils
imaged the brains in parallel (Bock et al. 2005; Lerch et al.
2011). Parameters used in the anatomical MRI scans: T2-
weighted 3D fast spin-echo sequence, with a cylindrical acquisi-
tion of k-space, and with a TR of 350 ms, and TEs of 12 ms per
echo for 6 echoes, 2 averages, field-of-view of 20× 20× 25 mm3

and matrix size= 504× 504× 630, giving an image with 0:04 mm
isotropic voxels (Spencer 2017). The current scan time required for
this sequence is approximately 14 h. Deformation basedmorphom-
etry was used to visualize and compare any changes in the mouse
brains. First, the images were linearly (6-parameter fit followed by
a 12-parameter fit) and then nonlinearly registered together. For a
detailed protocol describing the registration process and lists of all
the steps, please refer to Lerch et al. (2011). Then a population atlas
representing the average anatomy of the entire study sample was
created. All registrations were performed with a combination of
mni_autoreg tools (Collins et al. 1994) and advanced normaliza-
tion tools (ANTs) (Avants et al. 2008, 2011). The software used for
the registration uses the Pydpiper framework (Friedel et al. 2014),
and all of the registration tools can be found on GitHub at https://
github.conm/Mouse-Imaging-Center. At completion of this regis-
tration, all scans had been deformed into alignment with each other
in an unbiased fashion without human involvement. As with typi-
cal deformation-based morphometry, this approach allows for
analysis of the deformations required to register the anatomy of
each individual mouse into the final atlas space (Nieman et al.
2006; Lerch et al. 2008). The Jacobian determinants, as calculated
through this analysis process, were used as measures of volume at
each voxel and compared across diet groups.

Volumetric changes were calculated on a regional and a
voxel-wise basis. A preexisting classified MRI atlas was regis-
tered to the population atlas to calculate regional volumes encom-
passing 182 different structures throughout the brain (Dorr et al.
2008; Ullmann et al. 2013; Steadman et al. 2014). Statistical
analyses were applied comparing the absolute and relative vol-
ume of these 182 different regions and on a voxel-wise basis in
the brains of TCDD and control mice. For this analysis, the sexes
were pooled together to increase statistical power, and therefore,
sex was covaried for in the linear model used to assess volumetric
differences (Region=Voxel∼Diet+ Sex). Relative volume was
calculated by further covarying for total brain volume. Multiple

comparisons were controlled for using the false discovery rate
(FDR) (Genovese et al. 2002).

Morphological Analysis of CA1 Pyramidal Neurons
Female mice were culled at PND21 or 7 months old following
USV or adult behavior testing, respectively. The brains were
processed using the FD rapid Golgi stain kit (PK401; FD
NeuroTechnologies) following the manufacturer’s protocol.
Briefly, animals were culled in a CO2 chamber, and the brains
were incubated in the impregnation solution for 12 d, then in so-
lution C for 3 d at room temperature in the dark. The brains were
then embedded in 4% agarose (16500500; Invitrogen) and sec-
tioned in solution C using the vibratome Leica VT1000s (Leica
Biosystems). Coronal 100-lm sections were then dried onto
superfrost plus slides (631-0108P; VWR), stained and dehydrated
before being cleared in xylene (16371; Alfa Aesar), and mounted
in DPX mountant (100579; Merck).

Fully stained hippocampal CA1 pyramidal neurons were
imaged using a 40X-S plan Flour ELWD objective on a Nikon
Eclipse Ti2 Inverted Microscope with brightfield imaging on a
Nikon DS-Qi2 sCMOS camera. Z-stacks with a 1:5-lm step size
were taken of the entire cell. Tracing and analyzing of the dendri-
tic arbor was done using the “Simple Neurite Tracer” plugin in
FIJI (Longair et al. 2011; Schindelin et al. 2012) by investigators
blind to the diet group. Dendritic spine density in adult CA1 py-
ramidal neurons was manually quantified using FIJI by selecting
segments of apical and basal dendrites of at least 1:5 lm, exclud-
ing primary branches.

Sholl analysis was used to assess dendritic morphology by
drawing concentric circles every 5 lm around the center of the
cell soma and recording the number of intersections of a given
circle with traced dendrites (Sholl 1953). Because basal morphol-
ogy and apical morphology are very different in pyramidal cells,
Sholl analysis of the apical and basal arbors was carried out sepa-
rately. All analyses were performed using R (version 3.3.1; R
Development Core Team). For each data set (Apical Adult,
Apical PND21, Basal Adult, Basal PND21), the number of inter-
sections was estimated by way of a Poisson generalized linear
mixture model via piecewise quasi likelihood (glmmPQL).
Specifically, the number:of:intersections+ 1 was considered to
be the dependent variable (adding one to allow for the use of a
log link in the Poisson model), with independent predictors being
the interaction of diet (Control/TCDD) with a cubic polynomial
in the (median centered) distance. Finally, a random effect was
included to correct for repeated measures from individual mice.

The final model was thus:

MASS::glmmPQLððnumber:of:intersectionsþ 1Þ ∼
ðc:distþ c:dist2 þ c:dist3Þ � diet,

random ¼ ∼ 1jmouse, family ¼ poissonÞ: (1)

The order of the polynomial (cubic) was selected after consid-
eration of residual sum of squares diagnostic plots and coefficient
tables for each degree from 1 to 5. Nesting of mouse within litter
was considered as a random term, but we found that the litter had
negligible additional effect on the model. The distances were me-
dian centered to avoid collinearity issues. p-Values presented are
those associated with the coefficient of each term in the final
model (in particular, they correspond to a test for difference from
zero).

In addition, 95% confidence intervals on the predictions from
(glmmPQL) mixture model M were estimated as follows: First,
we calculated the model matrix X corresponding to predictions
based on all possible combinations of independent variable levels
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using the function model.matrix( ). Using X, we were able to esti-
mate the variance of the predictions as

diag ½X% �%vcovðMÞ% �%tðXÞ�, (2)

and used these, combined with the standard normal approxima-
tion to estimate the upper and lower confidence intervals as usual,
i.e.,

estimate±Q× standard deviation ðSDÞ,
where Q is the normal quartile corresponding to the required
level of confidence and “tailedness” of the test, in this case
Q=1:959964 corresponding to a two-tailed test at the 95% confi-
dence level. Regions in which the 95% confidence intervals of
the two predicted curves being compared did not overlap were
declared significantly different at the p=0:05 level.

The measures listed below were analyzed by similarly con-
structing a glmmPQL model to predict the covariate value using
the sole independent predictor of diet while retaining the mouse-
specific random effect. The “family” was varied according to the
data type of the dependent variable:

Total Dendritic Length: Gaussian
Branching points: Gaussian
Enclosing Radius: Poisson
Ramification Index fit: Gaussian, following log transform of
dependent variable
Regression coefficient (Semi-log): Gaussian
Spine Density: Gaussian

Hippocampus Gene Expression Analysis
Female offspring from one TCDD-exposed litter and one control
litter were culled at PND14 and hippocampi were dissected in
ice-cold PBS and snap-frozen in liquid nitrogen. Samples were
thawed into TRIzol Reagent solution (15596-018; Invitrogen)
and RNA isolated using the Direct-zol RNA miniprep kit follow-
ing the manufacturer’s protocol (R2052; Zymo research). RNA
concentration and purity were assessed using a NanoDrop spec-
trophotometer (Thermo Scientific) and TapeStation (Agilent).
The mRNA library was prepared using the Poly A KAPA mRNA
HyperPrep Kit (Kapa Biosystems Inc.) and single-end sequencing
was performed on the Illumina HiSeq4000 platform.

FastQC (version 0.11.2) was used to check the quality of the
raw sequencing data (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc), and then adaptor sequences were trimmed using
Trim Galore! version 0.4.1 (http://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/). Reads were aligned to the mouse
genome (GRCm38.p4) using TopHat (version 2.1.0), and
featureCounts (version 1.5.0) was used to count reads aligned to
genomic features (Kim et al. 2013; Liao et al. 2014). Differential
expression testing was performed using DESeq2 (version 1.10.1)
as previously described (Love et al. 2014), and an FDR cutoff
threshold of 0.05 was used to filter for significantly differentially
expressed genes. The R package ggplot2 (version 2.1.0) was used
to generate volcano plots, and DESeq2 was used to generate nor-
malized read count plots for individual genes. FDR<0:05 was
used as threshold for significance for differentially regulated
genes. Gene ontology (GO) and pathway analysis was performed
in MetaCore™ (Clarivate Analytics) using Pathway maps,
Process network, GO process, GO molecular, and Transcription
factor interactions analyses. Default settings were used, including
“intersection” as the distribution and “statistically significant” as
the sorting method. The pathway maps and process network tools
were used to generate figures visualizing the RNA sequencing
results.

Validation by Quantitative-PCR (qPCR)
RNA samples were reverse transcribed using the nanoscript2 reverse
transcription kit (RT-NanoScript2; PrimerDesign) and oligodT pri-
mers according tomanufacturer’s instructions. Quantitative PCRwas
carried out using the Luna® Universal qPCR Master Mix (M3003;
New England Biolabs) in LightCycler 480 II (Roche), using the pro-
gram recommended by the manufacturers: initial denaturation at
95°C for 60 s, 40 cycles of denaturation at 95°C for 15 s and extension
at 60°C for 30 s, and a finalmelt curve step of 60°–95°C. Ct threshold
values were normalized to the housekeeping geneGapdh to calculate
the DCt value. The DDCt was then calculated relative to the control
sample and relative expression calculated as 2−DDCt. Sequences of
qPCR primers (Integrated DNA Technologies, Inc.) used are shown
in Table 2.

TCDD Analysis
Male offspring of dams exposed to the TCDD or control diet were
culled at PND21 in a CO2 chamber and the brains removed for anal-
ysis of TCDD concentration. Feed and mouse tissue were analyzed
for PCDD/Fs as described by Lundebye et al. (2017). In brief, the
analyteswere extractedwith hexane using an accelerated solvent ex-
tractor and purified by an automated PowerPrep system (FMS).
PCDD/Fs were analyzed by high-resolution gas chromatography–
high resolution mass spectrometry (HRGC-HRMS), with the con-
centration and the limit of quantification of TCDD reported (HRGC,
Trace 2000 series; HRMS,DFS, Thermo Finnigan).

Results
To study the effects of a low-dose, persistent gestational exposure
to TCDD, pregnant C57BL/6J mice were placed on the TCDD diet
from the day of fertilization until PND2 (Figure 1). TCDD accu-
mulation and persistence in the brains of offspring were confirmed
bymeasuring TCDD levels inmale pups at PND21 (Table 3).

No effects of TCDD exposure were detected on maternal
weight gain during the pregnancy [Fð1,24Þ=0:36, p=0:55], pup
weight [females: Fð1,26Þ=0:18, p=0:67, males: Fð1,25Þ=1:4,
p=0:25], litter size at birth [tð25Þ=0:059, p=0:95], the number
of pups lost between birth and weaning [tð25Þ=0:63, p=0:53], or
the sex ratio in each litter [tð23Þ=1:6, p=0:13] (Figure 2A–F).

Characterizing the Behavioral Effects of Gestational TCDD
Exposure
Offspring of both sexes born to TCDD-exposed and control dams
were tested in a battery of tests to investigate the behavioral out-
comes of the exposure.

There was no significant diet effect on behavior in the open field
test, suggesting that exposure to the TCDD diet did not affect
anxiety-like behavior [females: Fð1,41Þ=3:0, p=0:09, males:
Fð1,46Þ=0:80, p=0:37 Figure 2G,H; Figure S1A,B]. TCDD-
exposed mice also displayed normal anxiety-like behaviors in the
light-dark box and elevated plus maze tests (Figure S1C–F).
Exposure to TCDD did not affect social and aggressive interactions
with a novel conspecific in adult [females: Fð1,41Þ=0:045,
p=0:83, males: Fð1,46Þ=0:39, p=0:54; Figure 2I,J] or juvenile
mice (Figure S2A,B). Consistent with these findings, TCDD-
exposed mice showed normal behaviors in the three-chamber social
approach and social novelty test (Figure S2C–J). TCDD-exposed
mice did not display significant differences from controls in repeti-
tive behaviors in the self-grooming test [females: Fð1,39Þ=0:060,
p=0:81, males: Fð1,46Þ=0:017, p=0:90; Figure 2K,L] or in the
marble burying test (Figure S3a,b). Furthermore, ultrasonic vocal-
izations recorded following separation of pups from the mother
did not reveal any significant effects of the TCDD diet on call
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frequency [females: Fð1,29Þ=1:16, p=0:29, males: Fð1,29Þ=
0:75, p=0:39; Figure 2M,N]. Adult mice were also tested for spa-
tial novelty discrimination and did not display significant diet
effects [females: Fð1,35Þ=1:01, p=0:32, males: Fð1,46Þ=0:40,
p=0:53; Figure 2O,P].

The accelerating rotarod test was performed to investigatemotor
coordination and learning (Figure 3A,B). TCDD-exposed females
fell off the rod faster than controls [Fð1,41Þ=4:57, p=0:039], indi-
cating a motor coordination deficit. There was no significant differ-
ence between the male diet groups [Fð1,46Þ=1:00, p=0:32]. The
deficit did not seem to be due to differences in muscle strength,
because there were no significant differences between diet groups in
the grip strength test (Figure 3C–F; p-values in Excel Table S1).

Spatialmemory and learningwere assessed using theMWMtask.
During the acquisition stage, diet had no significant effect on the time
the mice took to reach the platform [females: Fð1,41Þ=0:10,
p=0:76, males: Fð1,46Þ=0:01, p=0:94; Figure 4A,D]. There was
no significant effect of diet on the time spent in each quadrant during a
probe trial following the last day of acquisition [females:
Fð1,41Þ=1:16, p=0:29, males: Fð1,46Þ=0:30, p=0:59; Figure
4B,E]. Both TCDD-exposed and control mice spent significantly
more time in the quadrant that contained the platform than is expected
by chance, suggesting all groups successfully learned the location of
the platform [female controls: tð22Þ=7:438, p<0:0001, female
TCDD: tð21Þ=8:840, p<0:0001, male controls: tð16Þ=4:60,
p=0:0003, male TCDD: tð32Þ=6:06, p<0:0001]. There were no
significant differences between the diet groups in swim speed or thig-
motaxis, which could have confounded MWM results (Figure S4;
Table S9).

During the reversal learning stage, TCDD exposure appeared
to have a significant effect on females [Fð5,205Þ=2:63,
p=0:025; Figure 4C; ANOVA tables in Excel Table S2].
Although the female control group achieved significant reduction
in path length over the reversal phase (day 1 vs. day 5
p<0:0001), the TCDD-exposed females failed to achieve statisti-
cally significant reduction (day 1 vs. day 5 p=0:63), suggesting
increased behavioral inflexibility in TCDD-exposed females.
There was no significant diet–time interaction for reversal learn-
ing in males [Fð4,184Þ=1:05, p=0:38; Figure 4F].

The offspring were next tested in the hippocampus-dependent
CFC test. The mice displayed no freezing behavior before the

foot shocks, and there was no diet effect on freezing behavior af-
ter the first foot shock [females: tð14Þ=0:284, p=0:78, males:
tð14Þ=0:785, p=0:45 Figure 4G,H]. When returned to the con-
text 24 h later, TCDD-exposed males displayed almost twice as
much freezing behavior as the control males (Figure 4J), suggest-
ing that they have higher long-term contextual fear memory than
controls had. However, this difference was not significant
[tð14Þ=2:131, p=0:051; Figure 4J] and freezing behavior was
generally low, as previously reported for C57BL/6J mice (Smith
et al. 2007; Vigil et al. 2017).

In summary, low-dose repeated exposure to the TCDD diet
during gestation led to differences in reversal learning and a
motor coordination deficit in female offspring. These behavioral
phenotypes were not confounded by differences in locomotor ac-
tivity, muscle strength, or anxiety.

The Effects of Gestational TCDD Exposure on Brain
Structure
Volumetric differences were assessed by structural MRI in 182
brain regions in absolute terms as well as relative to the total brain
volume in adult mice of both sexes (Figure 5A). No significant dif-
ferences were detected between the diet groups in the absolute vol-
ume of the whole brain and the absolute volumes of the 182 brain
regions (Figure 5B; Excel Table S3). However, some differences
in the size of several brain regions relative to the whole brain were
observed (Figure 5C,D). The ventral region of the hippocampal
formation appeared hyperplastic in the MRI heat maps, with the
subiculum and the stratum lucidum regions larger in TCDD-
exposed mice (q=0:079 and q=0:043, respectively). In the cere-
bellum, the interpositus nucleus was hyperplastic (q=0:079),
whereas the white matter around the hemispheric crus I was
smaller in the TCDD group (q=0:074). The mammillary bodies
were also hypoplastic in the TCDD group (q=0:074). As dis-
cussed in the “Methods” section, sex was covaried for in the linear
model used to assess volumetric differences. Analyzing each sex
separately revealed no statistically significant differences in rela-
tive or absolute volumes, most likely due to insufficient statistical
power (Excel Table S4).

Sholl Analysis of Hippocampal CA1 Pyramidal Neurons in
Juvenile and Adult Female Offspring
To investigate whether TCDD exposure affected hippocampal
cell morphology, brains of PND21 and adult female offspring
were stained with the Golgi Cox method to sparsely label individ-
ual cells. Female mice were used because behavioral phenotypes
appeared more pronounced in females. Pyramidal neurons in the
CA1 region of the hippocampus were imaged and traced (Figure
6A–C). Sholl analysis was used to assess dendritic morphology
by drawing concentric circles around the center of the cell soma,
and recording the number of intersections of a given circle with
traced dendrites. The number of intersections was estimated with

Table 2. Quantitative PCR primers for RNA sequencing validation.

Gene Forward primer Reverse primer

Eomes ACAACTACGATTCATCCCATCAG GGGCTTGAGGCAAAGTGTTG
Kif21b GACTGCTGCGTCAAAGTGG GGGTAACGGAGGTACAGATGT
Crmp5 GGTCTGCTGTGACTATGCCC CTCCATTTCTGCTTTCACCTTGG
Tubb5 GCTGGACCGAATCTCTGTGT CCCCAGACTGACCGAAAACG
Slc4a5 GGGTCAGGGAGCAGAGAGTTA GGAAGACTCCATAGAGCACTGG
Sema3b CACCTCCAGTGGTGTCTTCC AAAGGTCCCAAGAAGGCTCG
Plxnb2 CTACTCTCCGTCAAGGGCAC TGCCTGCTCGTCCAAGAAAT
Col8a1 GACGTGCTCAAGAAGCTGTTC GAGGTGGCAGAGGCTTGATT
Gapdh GCTCATGACCACAGTCCATGC ATTGGGGGTAGGAACACGGA

Note: PCR, polymerase chain reaction.

Table 3. TCDD concentration in the diets and in brains of TCDD-exposed
and control male offspring.

Diet TCDD in diet (pg=g) TCDD in PND21 brain (pg=g)

Control diet <0:29 <LOQ (0:85± 0:07)
TCDD diet 45.5 5:73± 3:13

Note: Pregnant mice were fed the TCDD or control diet from the day the plug was found
until 2 days after parturition. The brains of male offspring were flash-frozen at PND21 and
analyzed for TCDD concentration, shown as mean±SD. TCDD levels in all control diet
brains analyzed were below LOQ (mean LOQ shown). n=3 control pups from 2 litters and
3 TCDD-exposed pups from 3 litters. LOQ, the lowest concentration that can be reliably
measured; SD, standard deviation; TCDD- 2,3,7,8 tetrachlorodibenzo-p-dioxin.
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Figure 2.Weight, survival, anxiety-like behaviors, and ASD-like behaviors in mice exposed to TCDD during gestation. Pregnant C57BL/6J mice were fed the
TCDD diet (9 ng TCDD/kg BW/day) or the control diet from E0.5 until the offspring were at PND2. Maternal weight gain over the course of the pregnancy (A), pup
weight (B,C), litter size at birth (D), and the number of pups lost between birth and weaning (E) are shown for pups of both sexes. The sex ratio of the litters is shown
(F). Adult offspring were tested in the open field test and the percentage of time spent in the center zone of the arena shown (G,H). Social behaviors adult mice were
scored for 5 min during interaction with an unfamiliar sex-matched juvenile mouse. The percentage of time in which the test mouse was aggressive or sniffing the
body, head and anogenital region of conspecificmouse is shown (I,J). Grooming behavior was scored from video over 10min in an empty cage (K,L). Pupswere sep-
arated from the mother and their ultrasonic vocalizations recorded over 3 min and manually quantified. Mean calls per minute on alternate PNDs 2-12 are shown
(M,N). In the spontaneous spatial novelty discrimination test mice were allowed to explored two arms of the Y-maze for five minutes. An hour later, the mice were
allowed to explore all three arms of the maze for 5 min, and the time spent in each of the arms of the Y-maze measured (o,p). Diet groups were compared using a
three-way ANOVA (A–C,I,J,M–P), or a two-way ANOVA (D–H, K,L) with Sidak’s multiple comparisons post hoc tests. Error bars are SEM. For (A), n=12 con-
trol dams, 14 TCDD dams; for (B–C), n=13− 15 pups from 4− 6 litters; for (D–F), n=12− 14 TCDD litters. For (G–L,O,P) n=23 control females, 22 TCDD
females, 17 control males, 33 TCDD males from 8 litters per diet. For (M,N), n=17 control females, 14 TCDD females, 17 control males, 14 TCDD males from
8 litters per diet. The numerical data corresponding to this figure are shown in Tables S1–S6. Note: ANOVA, analysis of variance; ASD, autism spectrum disorder;
BW, bodyweight; E, embryonic day; PND, postnatal day; SEM, standard error of themean; TCDD, 2,3,7,8 tetrachlorodibenzo-p-dioxin.
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a generalized linear mixture model as described in the “Methods”
section. [p-values shown in Table S12; for simplicity only p-val-
ues of the second term (c:distance2:dietTCDD) are quoted in this
section].

At PND21, pyramidal cells from TCDD-exposed female off-
spring had significantly more intersections than the control cells
in the range of 70− 145 lm from the cell soma (p=0:0048,
Figure 7A; Excel Table S5). There was no significant difference
between the diet groups in the basal arbor at PND21 (p=0:354;
Figure 7C). This increase in arborization was also present in adult
females, where TCDD-exposed mice had significantly more api-
cal dendritic intersections in the range of 15− 130 lm from the
soma (p=1:24× 10−6; Figure 7B), and significantly more basal
dendritic intersections in the range of 50− 110 lm from the
soma (p=6:97× 10−7; Figure 7D).

Despite significant increases in arborization shown by the
Sholl analysis, there were no significant differences in the total
length of all dendrites (PND21: basal p=0:20, apical p=0:22,
adult: basal p=0:09, apical p=0:46; Figure 7E) or the number
of branching points (PND21: basal p=0:79, apical p=0:46,
adult: basal p=0:84, apical p=0:86; Figure 7F). However, cells
from TCDD-exposed adults had a significantly shorter enclosing
radius (p=0:033; Figure 7G), indicating a shorter apical length,
and a significantly higher apical ramification index than controls
indicated (p=0:0495; Figure 7H). Adult TCDD-exposed mice
also had a significantly higher apical regression coefficient than

controls had (p=0:020; Figure 7I), a measure of the rate of decay
of the number of branches with distance from the soma.

To investigate the effect of the TCDD diet on dendritic spine
formation, spines were manually counted along segments of api-
cal and basal dendrites of at least 15 lm, excluding primary
branches (Figure 7J). The diet had no significant effect on the
dendritic spine density in adult CA1 pyramidal neurons (basal
p=0:34, apical p=0:61).

Gene Expression in the Hippocampus of TCDD-Exposed
Female Offspring
To determine whether these differences in neuronal morphology
were associated with abnormal gene expression during the postnatal
period when pyramidal cells are in the process of extending and
developing their dendritic arbor (Pokorný and Yamamoto 1981),
we used RNA sequencing to compare gene expression in the hippo-
campi of female PND14 TCDD-exposed and control offspring.

This analysis identified 405 differentially expressed genes
(FDR<0:05), with principal component analysis indicating clear
separation between control and TCDD samples (Figure 8A,B;
genes listed in Excel Table S6). Only 36 genes were up-regulated
in the TCDD-exposed group, with 369 (91%) down-regulated. To
validate these differences, the expression of eight differentially
expressed genes was analyzed by qPCR (Figure 8C,D). Four of
the eight genes tested showed significant differences as expected

Figure 3.Motor coordination and grip strength in mice exposed to TCDD during gestation. Mice were tested on an accelerating rotarod seven times, with
5 min rest between trials (A,B). Grip strength of the hind paws and front paws of the mice were tested three times, and the average grip strength is shown
(C–F). Diet groups were compared using a three-way ANOVA (A–B), or a two-way ANOVA (C–F) with Sidak’s multiple comparisons post hoc tests. Error
bars are SEM; n=23 control females, 22 TCDD females, 17 control males, 33 TCDD males from 8 litters per diet. The numerical data corresponding to this
figure are shown in Table S7. All p-values for (C–F) are shown in Excel Table S1. Note: ANOVA, analysis of variance; PND, postnatal day; SEM, standard
error of the mean; TCDD, 2,3,7,8 tetrachlorodibenzo-p-dioxin. *Diet effect in ANOVA p<0:05.
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from the RNA sequencing data [Eomes tð5Þ=3:93, p=0:011,
Crmp3 tð5Þ=2:76, p=0:040, Slc4a5 tð5Þ=4:41, p=0:0070, and
Col8a1 tð5Þ=4:86, p=0:0046]. Another two of the genes tested
showed the expected trend but did not reach statistical signifi-
cance [Tubb5 tð5Þ=1:945, p=0:1094, Sema3b tð5Þ=1:059,
p=0:3381]. Finally, two of the genes tested did not show the dif-
ferences in expression expected [Kif21b tð5Þ=0:31, p=0:77 and
Plxnb2 tð5Þ=0:12, p=0:91], possibly because they displayed
relatively small expression differences in the RNA sequencing
(log-FoldChange= 0:27 and −0:27, respectively).

Differentially expressed genes were analyzed using enrichment
analysis in MetaCore™ (Excel Tables S7–S15). MetaCore™ pro-
vides pathway maps and networks of interactions between genes
and proteins curated from the literature. The up-regulated gene
list was enriched for processes and pathways involving the cy-
toskeleton, cell adhesion, axon guidance, and neurogenesis
(Table 4). The “axonal guidance” process network was enriched
with the lowest FDR (1:01× 10−5), with gestational TCDD ex-
posure leading to up-regulation of tubulins (Tubb5, Tubb2b,
Tuba1a, and Tubb3), CRMP genes (Crmp1, Crmp3, Crmp5),

Figure 4. Hippocampus-dependent learning tests in mice exposed to TCDD during gestation. Adult TCDD-exposed or control offspring were tested in the
Morris water maze (MWM) task. After 7 d in the “acquisition” stage of the task, the platform was moved to the opposite side of the maze, and the mice were
tested for reversal learning during the “reversal” stage. The average length of the path taken to the platform over four trials per day is shown for the acquisition
stage (A,D) and for the reversal stage (C,F). A probe trial was carried out on the last day of acquisition (B,E). The time spent in each quadrant of the maze is
shown, with the dotted line indicating the amount of time expected by chance (25%). Mice were trained for contextual fear conditioning, and freezing rates
were scored during the training following the first foot shock (G,H) and 24 h later in the conditioned environment (I,J). Diet groups were compared using a
three-way ANOVA with Sidak’s multiple comparisons post hoc tests (A–F), a two-way ANOVA with Sidak’s multiple comparisons post hoc tests (G–H) or
an unpaired Student t-test (I,J). For (B,E), a one-sample Student t-test was used to determine whether the mice spent more than 25% of the time in the target
quadrant. Error bars are SEM; for (A–F) n=23 control females, 22 TCDD females, 17 control males, 33 TCDD males from 8 litters per diet. For (G–J) n=8
females and 8 males per diet from 4− 6 litters per diet. Quadrants: target (T) (containing the platform), opposite (O), right (R), left (L). The numerical data cor-
responding to this figure is shown in Table S8. All p-values for (C,F) are shown in Excel Table S2. Note: ANOVA, analysis of variance; MWM, Morris water
maze; SEM, standard error of the mean; TCDD, 2,3,7,8 tetrachlorodibenzo-p-dioxin. *p<0:05, **p<0:01, ***p<0:001, ****p<0:0001.
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Doublecortin (Dcx), and Ephrin type B receptor 2 (Ephb2), and
down-regulation of Semaphorin 3b (Sema3b) and Plexin B2
(Plxnb2). The top most-enriched pathway maps were “cytoskel-
eton remodelling_ neurofilaments” (FDR=2:92× 10−5 pathway
shown in Figure S5, Figure S7) and “Regulation of cytoskeleton
proteins in oligodendrocyte differentiation and myelination”
(FDR=2:92× 10−5; Table 4). GO process analysis indicated
enrichment of genes involved in axon and dendrite guidance,
cytoskeleton regulation, synapse organization, and in neurogen-
esis (Excel Table S8).

Gene ontology analysis for enrichment of down-regulated
genes revealed enrichment of genes in pathways involving
extracellular matrix (ECM) interactions and remodeling, and in
cell adhesion, with the pathway map enriched with the lowest
FDR being “Role of cell-cell and ECM-cell interactions in oligo-
dendrocyte differentiation and myelination,” (FDR=1:88× 10−5,
Table 5; pathway shown in Figure S6, S7). Several enriched path-
ways concerned oligodendrocytes, myelination, and/or multiple
sclerosis, with down-regulated genes including Myelin basic pro-
tein (Mbp) and Myelin associated glycoprotein (Mag). The other
major component of the myelin sheath, Proteolipid-protein
(Plp1), also displayed a trend for lower expression in the TCDD-
exposed offspring, but the difference did not quite reach statistical
significance (FDR=0:076). Analysis for enrichment of genes in
process networks also pointed toward networks involving ECM
and cell adhesion. Ten collagen genes were down-regulated in
the TCDD data set, as well as genes involved in ECM regulation,

such as Matrix Metalloproteinase-2 (Mmp2), and Tissue Inhibitor
of MetalloProteinase 3 (Timp3).

To identify the transcription factors most likely responsible for
the altered gene expression, we usedMetaCore™ transcription fac-
tor analysis (Table 6; Excel Table S15). The TCDD-receptor, AHR
was significantly enriched (p=0:002724, z-score= 3:375). The
most enriched transcription factor was the TGFb intercellular sig-
naling transducer, SMAD3 (p=8:209× 10−17, z-score= 11:8). In
the MetaCore™ database, SMAD3 was identified as a transcrip-
tional regulator of 36 of the genes in the data set, with three of these
being up-regulated (Eomes, Cdk5r1, and Tnc) and 33 down-
regulated. These genes included TGFb pathway genes (Tgfbi and
Tgfbr3) and ECM remodeling genes (Mmp2, Timp3, four collagen
genes). In summary, gene expression analysis indicates dysregula-
tion of the TGFb-SMAD3 pathway, extracellular matrix, and
microtubules in the hippocampus of TCDD-exposedmice.

Discussion
In this study, a continuous exposure of pregnant mice to low levels of
TCDD in the dietwas found to have subtle effects on reversal learning
and motor coordination in female offspring. Small differences
between diet groups in the relative volumes of brain regions in the
hippocampal formation, cerebellum, and mammillary bodies were
observed. The expression of more than 400 genes was significantly
altered in the PND14 hippocampus, and higher arborization of CA1
pyramidal neurons was observed in PND21 and adult TCDD-

Figure 5. Panel A shows voxel-wise comparisons of high-resolution 7T structural MRI images of brains of control and TCDD-exposed adult mice; areas that
were larger in TCDD-exposed mice are shown in red-yellow, and areas that were smaller are shown in dark-light blue. The absolute total brain volume of each
mouse is shown (B), as well as the volumes of brain regions relative to the total brain size (%) (C,D). Multiple comparisons were controlled for using the false
discovery rate; significance is based on covarying for total brain volume and sex. Error bars are SEM; n=21 Controls and 34 TCDD brains from 8 litters per
diet. The numerical data corresponding to this figure are shown in Table S10 and in Excel Table S3. Note: MRI, magnetic resonance imaging; SEM, standard
error of the mean; TCDD, 2,3,7,8 tetrachlorodibenzo-p-dioxin.
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exposed female offspring. These findings show that exposure of a
pregnant dam to 9 ng TCDD/kgBW/d during gestation is sufficient to
cause specific changes in neuronal structure, brain anatomy, gene
expression, and learning andmotor behaviors in female offspring.

AModel of Dietary TCDD Exposure during Gestation
Animal studies of gestational TCDD exposure have generally used
single exposure protocols resulting in body burdens far above
LOAEL (EFSA CONTAM Panel 2018). In our exposure protocol,
pregnant mice were exposed to a daily dose of 9 ng=kg BW, with a
cumulative dose of around 200 ng=kg BW. To our knowledge this
is the first rodent study to identify abnormal behavior, gene expres-
sion, and neuronal morphology inmice exposed to less than 100 ng
TCDD/kg BW/d throughout gestation.

At PND21, the average TCDD concentration in the offspring
brains was 5:73 pg=g, about half the concentration found in the
brains of PND14 mice exposed to 600 ng TCDD/kg BW at E12.5
(Kimura et al. 2015). Comparable measurements in human brains
are not available, but similar concentrations of TCDD in breast

milk have been associated with neurodevelopmental phenotypes
in children (Nishijo et al. 2014; Pham et al. 2015). Measurements
of TCDD and related congeners identified mean concentration of
1:4− 5:3 pg TEQ/g fat in livestock meat for human consumption
(EFSA CONTAM Panel 2018). Taking into account the fact that
the half-life of TCDD is much shorter in rodents than in humans
(Pirkle et al. 1989; Emond et al. 2006), the TCDD exposure of
<10 ng=kg BW/d used in our study seems highly relevant in an
attempt to model the neurodevelopmental consequences of envi-
ronmental TCDD exposure during pregnancy.

Learning and Motor Behavioral Outcomes of Gestational
Low-Dose TCDD Exposure
Although subtle, the differences in reversal learning in the MWM
observed in the present study could point toward changes in cog-
nitive inflexibility, an ASD-like behavior (Crawley 2004), or to
effects on spatial and visual memory (Vorhees and Williams
2014). The TCDD exposure regime did not affect swim speed or
performance during the acquisition stage of the test, indicating

Figure 6. Golgi labeling of hippocampal pyramidal neurons in female mice exposed to TCDD during gestation. (A) A representative image of Golgi stained
coronal section showing the dorsal hippocampus of a PND21 female control mouse. Pyramidal cells from the CA1 region (circled in red) were imaged for mor-
phological analysis. (B) shows a high-power image of a CA1 neuron used for morphological analysis. (C) displays representative examples of traces of the neu-
rons showing two cells from TCDD-exposed and two cells from control diet–exposed. Note: CA, Cornus Ammonis; PND, postnatal day; TCDD- 2,3,7,8
tetrachlorodibenzo-p-dioxin.
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Figure 7.Morphology of CA1 pyramidal neurons of PND21 and adult female mice exposed to TCDD during gestation. The brains of TCDD-exposed and con-
trol females were sectioned coronally and Golgi stained. CA1 pyramidal neurons were imaged, and their dendrites were traced. Sholl analysis was carried out
as shown for PND21 apical (A) and basal (C) and adult apical (B) and basal (D) dendritic branches. The range of distances from the soma where there was a
significant difference between the diet groups is indicated. (E) shows total length of all of the dendrites traced. (F) Number of branching points in the arbor.
(G) displays the enclosing radius, the furthest radius at which there was an intersection between the Sholl circles and a dendritic branch. (H) shows Schoenen
ramification index, the ratio between the local maximum of the polynomial fit of the data, and the number of primary branches. (I) shows the Sholl regression
coefficient calculated using a semi-log linear regression of the Sholl data. (J) Spines were manually counted along segments of apical and basal dendrites of at
least 15 lm, excluding primary branches. The effects of the diet on the CA1 morphology were assessed using glmmPQL models as described in the methods.
For (A–D), all sample sizes and p-values shown in Table S12; for simplicity only p-values of the second term (c:distance2:dietTCDD) are shown in this figure.
For (A–I), n=11− 39 dendrites from 3–4 mice of each diet, each from a different litter. For (J), n=13− 36 cells from 3–4 mice, each from a different litter.
The numerical data corresponding to this figure is shown in Table S11 and in Excel Table S5. Note: CA, Cornu Ammonis; PND, postnatal day; TCDD, 2,3,7,8
tetrachlorodibenzo-p-dioxin. *p<0:05, **p<0:01, ***p<0:001, ****p<0:0001.
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that the reversal learning phenotype was not a result of motor
defects. Gestational TCDD exposure also leads to deficits in re-
versal learning in rhesus monkeys and rats (Schantz and Bowman
1989; Schantz et al. 1996; Seo et al. 1999), suggesting that cogni-
tive inflexibility as a consequence of TCDD exposure is not re-
stricted to rodents and might therefore be relevant to humans.
The motor coordination deficit observed in the present study is in
agreement with previous TCDD exposure studies that identified
motor development deficits in rats and humans (Nishijo et al.
2007, 2012; Tai et al. 2016; Tran et al. 2016; Pham et al. 2019).

Sexually dimorphic effects on behavior have been observed in
many of the TCDD exposure studies, with several pointing to
greater disruption of learning or cognitive development in males
than in females (Seo et al. 1999; Mitsui et al. 2006; Kishi et al.
2013; Tran et al. 2016). TCDD-exposed rats performed better in
a visual learning task, with males exhibiting enhanced perform-
ance at the initial learning stage, and females performing better at
a reversal learning stage (Widholm et al. 2003). This pattern, con-
sistent with our findings, could suggest that males are more sus-
ceptible to TCDD effects on memory and learning, whereas
females are more sensitive to effects on reversal learning and be-
havioral flexibility. Overall, the behavioral phenotypes identified
in this study were subtle, suggesting the exposure dose might be
near the LOAEL for behavioral effects.

Brain Morphology Outcomes of Gestational Low-Dose
TCDD Exposure
Gestational TCDD exposure did not significantly affect the size
of the brain or different brain regions but appeared to have a mar-
ginal effect on the relative size of regions of the cerebellum and
hippocampal formation. These effects may relate to the motor
coordination and behavioral abnormalities in the MWM, respec-
tively. These findings suggest a particular vulnerability of these
brain regions, and one might expect exacerbated phenotypes in
these regions on exposure to higher doses.

The cerebellum plays a key role in motor coordination and
learning (Ito 2000). Developmental roles for AHR in the cerebel-
lum have been identified, and TCDD exposure can disrupt cere-
bellum development (Collins et al. 2008; Dever et al. 2016; Sarić
et al. 2020). An interesting finding is that mice with a deletion of
Ahr in cerebellum neural progenitors performed better than con-
trols in the rotarod test (Dever 2013), consistent with our obser-
vation of motor deficits in TCDD-exposed mice.

Effects on the relative volumes of the mammillary bodies,
subiculum, and stratum lucidum, areas with important roles in
learning and memory (Morris et al. 1990; Galani et al. 1997;
Hildebrandt et al. 2001; Vann and Aggleton 2003; Potvin et al.
2009; Aggleton and Christiansen 2015) were observed. The ven-
tral subiculum is thought to be important for emotion and moti-
vated behaviors, with lesions in the ventral subiculum leading to
fear conditioning deficits (O’Mara, 2006; Maren et al. 2013). The
stratum lucidum layer contains the mossy fibers, axonal projec-
tion from the granule cells of the dentate gyrus (DG) to neurons
in the hilar and CA3 regions (McBain 2008).

We found that CA1 neurons in adult TCDD-exposed brains
displayed shorter apical length and an increase in arborization in
the proximal, but not distal, apical domain. As the proximal den-
drites receive input from the CA3 region, one might predict that
the very critical relay of information from CA3 to CA1 might be
disrupted in TCDD-exposed brains (Spruston 2008; Jonas and
Lisman 2014). Kimura et al. previously reported that a single
dose of TCDD (600 or 3,000 ng=kg BW by gavage on E12.5)
affected apical branch length of CA1 pyramidal neurons at
PND14 (Kimura et al. 2015). It is difficult to directly compare the
observed changes with the Kimura study, because they did not

carry out a Sholl analysis, and so the overall effect on arboriza-
tion is unclear. Kimura et al. did not detect the branching pheno-
type in aged mice, which suggested the phenotype was transient.
Kimura et al. also identified a decrease in dendritic spine density
on the CA1 neurons of aged mice, a phenotype we did not
observe in adult mice (Kimura et al. 2015). These differences
could indicate age-related, dose-dependent effects of TCDD
exposure.

Granule cells of the dentate gyrus in Ahr−=− mice show a
similar morphological phenotype to the phenotype we observed
in TCDD-exposed mice, namely higher arborization in proximal
apical dendrites and a shorter apical length (de la Parra et al.
2018). This similarity could suggest that TCDD exposure dis-
rupts the physiological role of AHR, resulting in similar pheno-
types in loss of AHR and TCDD exposure models. This principle
has been observed in other neurodevelopmental contexts, for
example both germline deletion of Ahr and exposure to a TCDD
dose reduce proliferation, differentiation, and survival of neural
stem cells in the adult DG (Latchney et al. 2013).

Transcriptional Outcomes of Gestational Low-Dose TCDD
Exposure
Although our analysis suggested a significant enrichment of
AHR targets among the dysregulated genes, classical AHR tar-
gets such as Cyp1a1 were not up-regulated in the hippocampus
of TCDD-exposed offspring, consistent with other studies that
also found no evidence for Cyp gene induction in the brain by
TCDD exposure (Unkila et al. 1993; Rasinger et al. 2014). It
appears that the majority of genes dysregulated are not direct
AHR targets but regulated by factors downstream of AHR.

Our data suggested that TCDD exposure during gestation led
to the altered expression of genes regulated by SMAD3, provid-
ing further evidence for significant interactions previously identi-
fied between the AHR and TGFb-SMAD3 pathways, both during
normal development and disease contexts (Gramatzki et al. 2009;
Cheng et al. 2020; Nakano et al. 2020; Sarić et al. 2020). Most of
the 36 SMAD3 targets identified in our data set were down-
regulated in the TCDD-exposed hippocampi, suggesting that
TGFb signaling may be down-regulated by TCDD exposure.
Various mechanisms have been suggested for the regulation of
TGFb signaling by AHR, including transcriptional regulation of
the TGFb ligands, mediation of inhibition by integrins, repression
of Latent Transforming growth factor b Binding Protein
(LTBP1) expression, and inhibition of SMAD3 activation (Zaher
et al. 1998; Chang et al. 2007; Peng et al. 2008; Gomez-Duran
et al. 2009; Silginer et al. 2016; Sarić et al. 2020). TGFb signal-
ing is thought to play various roles in the central nervous system,
including regulation of dendritic growth (Yu et al. 2014), neural
survival and differentiation (Flanders et al. 1991; Kandasamy
et al. 2014), and axon specification (Yi et al. 2010).

The up-regulated gene list was enriched for genes involved in
neurogenesis and neuronal differentiation. A single dose of
TCDD (20 ng=kg BW administered by gavage at E8.5) and germ-
line deletion of Ahr have been previously shown to disrupt the
development of neural progenitors in the DG (Latchney et al.
2013; Kobayashi et al. 2015). It remains to be seen if the up-
regulation of Dcx and Eomes in the postnatal hippocampus dis-
rupts the proliferation and differentiation of neuronal progenitors
in the TCDD-exposed hippocampus.

GO analysis also pointed toward dysregulation of myelination
and oligodendrocyte function in the TCDD-exposed brains. AHR
signaling has a role in oligodendrocyte differentiation and func-
tion, with Ahr−=− mice displaying significant defects in the optic
nerve myelin sheath (Juricek et al. 2017). A single oral dose of
700 ng=kg BW TCDD at E18 inhibited oligodendrocyte
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Figure 8. RNA sequencing of hippocampus samples from PND14 female TCDD-exposed and control offspring. cDNA libraries were made from whole hippo-
campi and sequenced as described in the “Methods” section. Significantly differentially expressed genes were identified with DESeq2 using an FDR threshold
of 0.05. (A) Principal component analysis plot generated using the plotPCA function in DESeq2. (B) Volcano plot indicating differentially expressed genes in
hippocampi from TCDD-exposed offspring compared to control. Each point represents an individual gene, and all significantly differentially expressed genes
(FDR<0:05) are highlighted in red. The expression of eight of the differentially expressed genes was measured using quantitative PCR in hippocampus sam-
ples from PND14 female offspring. Expression normalized to Gapdh expression and to average expression of the control samples. (C) Genes up-regulated in
the RNA sequencing data set. (D) Genes down-regulated in the RNA sequencing data set. For (C–D), diet groups compared using the Student t-test. Note:
FDR, false discovery rate; PND, postnatal day; TCDD, 2,3,7,8 tetrachlorodibenzo-p-dioxin. *p<0:05, **p<0:01, n=3 Control and 4 TCDD mice from 1 litter
each.

Table 4. Significantly enriched pathways and process networks in the up-regulated gene list of TCDD-exposed hippocampus samples.

# Pathway maps p-Value FDR

1 Development_Regulation of cytoskeleton proteins in oligodendrocyte differen-
tiation and myelination

1:488× 10−7 2:923× 10−5

2 Cytoskeleton remodeling_Neurofilaments 2:302× 10−7 2:923× 10−5

3 Cell adhesion_Gap junctions 4:949× 10−7 4:190× 10−5

4 Tau pathology in Alzheimer disease 5:932× 10−6 3:767× 10−4

5 Stem cells_Schema: Adult neurogenesis in the Subventricular Zone 9:083× 10−6 4:614× 10−4

6 Inhibition of Ephrin receptors in colorectal cancer 3:745× 10−5 1:448× 10−3

7 Cytoskeleton remodeling_Reverse signaling by Ephrin-B 4:562× 10−5 1:448× 10−3

8 Cell cycle_Role of Nek in cell cycle regulation 4:562× 10−5 1:448× 10−3

9 Cytoskeleton remodeling_Keratin filaments 6:528× 10−5 1:842× 10−3

10 Inhibition of remyelination in multiple sclerosis: regulation of cytoskeleton
proteins

1:197× 10−4 3:040× 10−3

# Process networks p-Value FDR
1 Development_Neurogenesis_Axonal guidance 1:872× 10−7 1:011× 10−5

2 Cytoskeleton_Regulation of cytoskeleton rearrangement 4:429× 10−7 1:196× 10−5

3 Cell adhesion_Integrin-mediated cell-matrix adhesion 1:458× 10−6 2:625× 10−5

4 Cytoskeleton_Spindle microtubules 4:006× 10−6 5:408× 10−5

5 Cytoskeleton_Cytoplasmic microtubules 5:473× 10−6 5:911× 10−5

6 Cytoskeleton_Intermediate filaments 2:977× 10−4 2:679× 10−3

7 Cell adhesion_Attractive and repulsive receptors 6:239× 10−4 4:668× 10−3

8 Cell cycle_Mitosis 6:916× 10−4 4:668× 10−3

9 Cell adhesion_Glycoconjugates 3:939× 10−3 2:127× 10−2

10 Cell adhesion_Cell junctions 3:939× 10−3 2:127× 10−2

Note: RNA sequencing was carried out on whole hippocampus samples from TCDD-exposed and control female offspring at PND14. Enrichment analysis for pathway maps, process
networks, GO processes, and GO molecular functions was carried out using MetaCore™ (Clarivate Analytics), with the full results shown in Excel Tables S7–S15. Pathway maps and
process networks for the up-regulated gene list were ranked by FDR and the top 10 are shown here. FDR, false discovery rate; GO, gene ontology; PND, postnatal day; TCDD, 2,3,7,8
tetrachlorodibenzo-p-dioxin.
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differentiation in rat offspring (Fernández et al. 2010), and the
down-regulation of myelination related genes (Mbp, Mag) in the
present study is consistent with TCDD exposure inhibiting the
differentiation of oligodendrocytes or reducing their numbers in
the hippocampus.

Our gene expression data suggest a potential mechanism for
the abnormal dendritic structure of hippocampal neurons in
TCDD-exposed mice. In addition to several tubulin genes, four
of the five Crmp genes were up-regulated in TCDD-exposed hip-
pocampi. CRMP proteins can positively and negatively regulate
microtubule polymerization dynamics through interaction with
tubulins, allowing them to regulate neurite outgrowth (Fukata
et al. 2002; Uchida et al. 2005; Yoshimura et al. 2005; Aylsworth
et al. 2009; Brot et al. 2010; Takaya et al. 2017; Ji et al. 2018). In
addition, many of the genes involved in the axon guidance have
been described to have vital roles in regulation of dendritic arbo-
rization (Ledda and Paratcha 2017). TCDD exposure also led to
down-regulation of Mmp2 and Timp3, genes involved in ECM

proteolysis. Mmp2 has been linked to demyelination, axonal out-
growth after injury, regulation of neurogenesis, and dendritic
morphology (Duong and Erickson 2004; Ayoub et al. 2005;
Gonthier et al. 2009; Verslegers et al. 2013, 2015). As several
CRMP proteins are regulated by MMP2 (Verslegers et al. 2015).
It is therefore possible that Crmp genes are up-regulated in the
TCDD-exposed hippocampi to compensate for down-regulation
ofMmp2.

Together, these findings allow us to propose a model of how
TCDD exposure might lead to altered dendritic morphology in
the hippocampus (Figure 9). In this model, TCDD activation of
the AHR pathway represses the TGFb-SMAD3 pathway, result-
ing in the down-regulation of ECM genes and Mmp2. The down-
regulation of Mmp2 leads to the up-regulation of Crmp genes,
driving increased microtubule stability and/or growth resulting in
increased dendritic arborization. Future studies will be needed to
test this model. It would also be important to confirm our findings
in independent studies, given the limitations of small sample size

Table 5. Significantly enriched pathways and process networks in the down-regulated gene list of TCDD-exposed hippocampus samples.

# Pathway maps p-Value FDR

1 Development_Role of cell-cell and ECM-cell interactions in oligodendrocyte
differentiation and myelination

2:094× 10−9 1:876× 10−6

2 Inhibition of remyelination in multiple sclerosis: role of cell-cell and ECM-cell
interactions

4:548× 10−8 2:037× 10−5

3 Stem cells_Role of TGF-beta 1 in fibrosis development after myocardial
infarction

1:982× 10−6 4:255× 10−4

4 Cell adhesion_ECM remodeling 2:356× 10−6 4:255× 10−4

5 Stem cells_Hypothetical role of microRNAs in fibrosis development after
myocardial infarction

2:720× 10−6 4:255× 10−4

6 IL-1 beta- and Endothelin-1-induced fibroblast/ myofibroblast migration and
extracellular matrix production in asthmatic airways

2:849× 10−6 4:255× 10−4

7 Canonical WNT signaling pathway in colorectal cancer 9:565× 10−6 1:224× 10−3

8 Extracellular matrix-regulated proliferation of airway smooth muscle cells in
asthma

1:702× 10−5 1:906× 10−3

9 Role of thyroid hormone in regulation of oligodendrocyte differentiation in
multiple sclerosis

2:533× 10−5 2:522× 10−3

10 FGF2 signaling in melanoma 3:243× 10−5 2:906× 10−3

# Process networks p-Value FDR
1 Cell adhesion_Cell-matrix interactions 1:077× 10−14 1:498× 10−12

2 Proteolysis_ECM remodeling 5:121× 10−7 3:559× 10−5

3 Development_Ossification and bone remodeling 6:570× 10−6 3:044× 10−4

4 Development_Cartilage development 1:200× 10−5 4:172× 10−4

5 Cell adhesion_Integrin-mediated cell-matrix adhesion 8:789× 10−5 2:443× 10−3

6 Proteolysis_Connective tissue degradation 1:074× 10−4 2:488× 10−3

7 Cell adhesion_Platelet-endothelium-leucocyte interactions 3:275× 10−4 6:504× 10−3

8 Development_EMT_Regulation of epithelial-to-mesenchymal transition 4:781× 10−4 8:306× 10−3

9 Cell adhesion_Cell junctions 1:791× 10−3 2:766× 10−2

10 Cell adhesion_Amyloid proteins 2:984× 10−3 4:148× 10−2

Note: RNA sequencing was carried out on whole hippocampus samples from TCDD-exposed and control female offspring at PND14. Enrichment analysis for pathway maps, process
networks, GO processes, and GO molecular functions was carried out using MetaCore™ (Clarivate Analytics), with the full results shown in Excel Tables S7–S15. Pathway maps and
process networks for the down-regulated gene list were ranked by FDR and the top 10 are shown here. ECM, extracellular matrix; EMT, epithelial-to-mesenchymal transition; FDR,
false discovery rate; GO, gene ontology; PND, postnatal day; TCDD, 2,3,7,8 tetrachlorodibenzo-p-dioxin; TGF, transforming growth factor.

Table 6. Transcription factor interactions analysis in MetaCore™ (Clarivate Analytics).

Network object name Interacting genes in gene list Expected Ratio p-Value z-Score

SMAD3 36 6.474 5.561 8:209× 10−17 11.8
SP1 88 31.95 2.755 1:94× 10−18 10.39
Scleraxis 3 0.09249 32.44 0.00006115 9.651
TAL1 251 165.7 1.515 9:541× 10−17 8.446
SP3 36 9.97 3.611 3:714× 10−11 8.416
NFIC 9 0.9619 9.357 4:253× 10−7 8.281
c-Jun 50 17.07 2.929 1:172× 10−11 8.202
GCNF 8 0.7954 10.06 1:058× 10−6 8.161
SOX5 9 1.036 8.688 8:204× 10−7 7.907
C11orf9 6 0.4994 12.01 8:245× 10−6 7.861

Note: RNA sequencing was carried out on whole hippocampus samples from TCDD-exposed and control female offspring at PND14. Top ten most enriched transcription factors as
ranked by z-score are shown. Ratio = number of interacting genes=expected number of interacting genes. z-Scores = ðRatioÞ=(square root of variance). The full list is shown in Excel
Table S15. PND, postnatal day; TCDD, 2,3,7,8 tetrachlorodibenzo-p-dioxin.
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Figure 9. Possible mechanism of the disruption of dendritic branching in TCDD-exposed pyramidal neurons. (A) In the absence of TCDD, AHR is sequestered
in the cytoplasm, bound to its chaperone complex. Binding of TGFb ligands to the TGFb receptors leads to phosphorylation of SMAD3 and SMAD2 and their
translocation to the nucleus. SMAD2 and SMAD3 form a trimer with SMAD4 and drives gene expression of genes including Mmt2, Timp3, and collagen
genes. MMP2 inhibits the expression and/or activity of Crmp genes. (B) In the presence of TCDD, AHR dissociates from the chaperone complex and translo-
cates to the nucleus. The ligand-bound AHR forms a heterodimer with cofactors such as ARNT and inhibits the TGFb pathway by repressing TGFb and/or
Ltbp expression and/or SMAD3 activation, causing the down-regulation of TGFb targets such as Mmp2 and ECM genes. In the absence of repression by
MMP2, Crmp genes are up-regulated, and modulate arborization via direct interactions with microtubules. AHR, aryl hydrocarbon receptor; TCDD, 2,3,7,8 tet-
rachlorodibenzo-p-dioxin; TGF, transforming growth factor.
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and of the use of embryos from the same litter per diet in our
gene expression analysis.

In conclusion, we demonstrated that exposure to low amounts
of TCDD in the diet during pregnancy can have significant effects
on brain development lasting into adulthood. With many people
around the world still exposed to TCDD levels exceeding the rec-
ommended tolerable intake of 2 pg=kg BW/wk, it is important to
understand the possible neurodevelopmental effects. The obser-
vations presented in this manuscript emphasize the importance of
considering the continued neurodevelopmental consequences of
chronic exposure to the low amounts of TCDD persisting in the
environment.
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