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Abstract

Recent studies have shown that the aryl hydrocarbon receptor (AhR) is expressed in the brain’s 

native immune cells, known as microglia. However, while the impact of exposure to AhR 

ligands is well studied in the peripheral immune system, the impact of such exposure on 

immune function in the brain is less well defined. Microglia serve dual roles in providing 

synaptic and immunological support for neighboring neurons and in mediating responses to 

environmental stimuli, including exposure to environmental chemicals. Because of their dual roles 

in regulating physiological and pathological processes, cortical microglia are well positioned to 

translate toxic stimuli into defects in cortical function via aberrant synaptic and immunological 

functioning, mediated either through direct microglial AhR activation or in response to AhR 

activation in neighboring cells. Here, we use gene expression studies, histology, and two-photon 

in vivo imaging to investigate how developmental exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD), a high-affinity and persistent AhR agonist, modulates microglial characteristics and 

function in the intact brain. Whole cortical RT-QPCR analysis and RNA-sequencing of isolated 

microglia revealed that gestational and lactational TCDD exposure produced subtle, but durable, 

changes in microglia transcripts. Histological examination and two-photon in vivo imaging 

revealed that while microglia density, distribution, morphology, and motility were unaffected 

by TCDD exposure, exposure resulted in microglia that responded more robustly to focal tissue 

injury. However, this effect was rectified with depletion and repopulation of microglia. These 
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results suggest that gestational and lactational exposure to AhR ligands can result in long-term 

priming of microglia to produce heightened responses towards tissue injury which can be restored 

to normal function through microglial repopulation.
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1. INTRODUCTION

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a persistent and exceptionally toxic pollutant 

and is associated with numerous developmental defects in humans and wildlife (World 

Health Organization, 2016). Of particular interest, the effects of prenatal TCDD exposure 

on neurodevelopment are extensively documented, including impaired spatial learning and 

memory (Markowski et al., 2002), decreased behavioral flexibility and executive functions 

(Endo et al., 2012; Haijima et al., 2010; Kakeyama et al., 2014), and sex-specific alterations 

(Ames et al., 2019; Hojo et al., 2002; Ikeda et al., 2005; Nishijo et al., 2012; Tai et 

al., 2013). Mechanistic studies into these neurobehavioral deficits have revealed abnormal 

development of the cell layers (Mitsuhashi et al., 2010) and neurons (Nguyen et al., 2013; 

Xu et al., 2014) that make up the cerebral cortex, a brain region involved in governing higher 

order brain functions. As a result, these studies have prompted an interest in exploring the 

cellular and molecular players that contribute to TCDD toxicity in the developing cortex.

Microglia are the immune cells of the brain and their critical roles in mediating brain 

development have recently been highlighted in a series of studies of the cerebral cortex 

at different developmental stages (Mendes and Majewska, 2021; Sierra et al., 2019). It 

is now appreciated that immune deficits and microglial dysfunction accompany many 

neurodevelopmental disorders including autism spectrum disorder (ASD; (Liao et al., 

2020)). Because of the exquisite sensitivity of microglia to their environment, and their 

critical roles in mediating developmental apoptosis and circuit assembly, these cells may 

be the nexus that translates toxic developmental insults such as TCDD into aberrant 

neurodevelopment. TCDD enacts its neurotoxic effects by activating the aryl hydrocarbon 

receptor (AhR), a ligand-activated transcription factor that plays a large role in sensing 

environmental conditions (Fallarino et al., 2014; Gu et al., 2000). It was recently shown that 

constitutive AhR activity during prenatal development negatively impacts dendritic growth 

and positioning of cortical pyramidal neurons (Kimura et al., 2017b), demonstrating a 

physiological role for the AhR in regulating cortical development. AhR is widely expressed 

in the brain (Kimura and Tohyama, 2017) and could affect a large number of targets to 

disrupt developmental programs, which in turn could affect microglial function indirectly. 

Additionally, recent reports show that microglia also express the AhR (Ayata et al., 2018; 

Bennett et al., 2016; Lee et al., 2015; Rothhammer et al., 2018) and microglia AhR activity 

modulates inflammatory signaling of these cells in vitro (Lee et al., 2015) and in vivo 
(Lowery et al., 2021; Rothhammer et al., 2018). There is also evidence in vitro that TCDD 

exposure can increase calcium signaling in microglia which in turn triggers the release of 

Lowery et al. Page 2

Brain Behav Immun. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cytokines and nitric oxide which can damage neurons (Li et al., 2013; Xu et al., 2013), 

suggesting that direct action of TCDD on microglial AhRs can be neurotoxic. In contrast, 

however, in vitro exposure to formylindolo[3,2-b]carbazole (FICZ), a short-lived AhR 

agonist, did not elicit an inflammatory response in microglia, unless these cells were primed 

with lipopolysaccharide (LPS; (Lee et al., 2015)). Additionally, a prior study from our lab 

found that in vivo exposure to TCDD acutely in adulthood did not elicit an inflammatory 

response in microglia (Lowery et al., 2021). These contradictory results raise the possibility 

that different AhR agonists may activate AhR signaling in microglia or in other cells to exert 

different effects on microglia behavior and microglial-mediated inflammation, depending on 

the inflammatory milieu and timing of exposure (Boule et al., 2018; Lowery et al., 2021; 

Wheeler et al., 2014). As a result, microglia-mediated neuroinflammation in response to 

TCDD could negatively impact cortical development and higher order brain functions in a 

context-specific manner, with timing of exposure being a key variable.

Given the environmental sensing roles of microglia, we hypothesize that the neurotoxic 

consequences of TCDD exposure on the developing cortex are mediated, in part, by 

these cells. To test our hypothesis, we examined the effects of gestational and lactational 

TCDD exposure, hereafter referred to as perinatal exposure, on microglial gene expression 

and function in the intact brain. Whole cortical gene expression analysis and whole 

transcriptome analysis of isolated microglia revealed subtle, but durable, changes in gene 

expression in TCDD-exposed mice. We also found that perinatal TCDD exposure did not 

alter microglial density, distribution, or morphology, but resulted in microglia that responded 

more robustly to a focal tissue injury in vivo. Furthermore, microglial repopulation 

following short-term elimination in adolescence (long after direct TCDD exposure had 

ended) eliminated the TCDD-induced increase in both inflammatory gene expression and 

pathological response to tissue injury. Our findings indicate that the untimely activation of 

AhR with TCDD exposure may produce prolonged effects on cortical microglial function 

that could preclude them from properly responding to tissue injury but that this defective 

function can be rescued with microglial repopulation.

2. MATERIALS AND METHODS

2.1. Animals.

Experimental protocols were carried out in strict accordance with the University of 

Rochester Committee on Animal Resources (UCAR) and conformed to the National 

Institute of Health’s “Guide for the Care and Use of Laboratory Animals, 8th Edition, 2011.” 

Two-photon imaging experiments were performed on Cx3cr1GFP/+ mice (Jackson Labs, 

(Jung et al., 2000)) bred on a C57Bl/6J (Jackson Labs) background which express GFP 

specifically in microglia in the brain, permitting visualization of microglia in vivo. All other 

experiments were performed on C57Bl/6J mice (Jackson Labs). All mice were exposed to a 

standard light cycle of 12 hours of light and 12 hours of dark (6AM lights on). Chow and 

water were provided ad libitum.
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2.2. Perinatal TCDD exposure.

The sample size for the experiment examining the impact of perinatal TCDD exposure 

on microglia baseline characteristics and inflammatory functions consisted of 8 litters of 

C57Bl/6J mice dosed with olive oil (vehicle) and 8 litters of C57Bl/6J mice dosed with 

TCDD (500 ng/kg) through oral gavage (Latchney et al., 2013). This dose was chosen 

because doses <1 μg/kg have been shown to induce changes in synaptic plasticity and 

developmental neurogenesis in various brain regions including the cortex, hippocampus, and 

cerebellum (Reviewed in (Latchney and Majewska, 2021)). At least one male and female 

from each litter were used as a data point, with most data points consisting of data averaged 

from two males and two females. Pregnant dams were dosed on embryonic day 0 (E0), day 

7 (E7), day 14 (E14), and at birth (postnatal day 0; P0), as determined by the presence of a 

vaginal plug after mating. This dosing schedule (every 7 days until P0) was chosen because 

the estimated in vivo half-life of TCDD in C57Bl/6J mice is 11 days (Gasiewicz et al., 1983) 

and this is a common dosing paradigm to evaluate perinatal effects of TCDD (Boule et al., 

2015; Vorderstrasse et al., 2004, 2006; Winans et al., 2015). Males were removed from the 

cage once a vaginal plug was observed. For experiments examining in vivo process motility 

and response to laser ablation, individual animals were used as data points. Sample sizes 

consisted of 4–6 animals per group, with at least 2 males and females per group. A second 

cohort of animals was generated to examine the impact of microglia repopulation after 

perinatal TCDD exposure. The sample size of this cohort consisted of 5 litters of C57Bl/6J 

mice for RNA-seq and 3 litters Cx3cr1GFP/+ mice for in vivo imaging and RT-qPCR dosed 

with either olive oil or TCDD and then given control chow or depletion chow. Data points 

consisted of individual animals with 5–7 animals per group (2–4 males and females per 

group).

2.3. Microglia depletion and repopulation.

To eliminate microglia, PLX3397 (290 mg/kg chow PLX3397; Chemgood; Glen Allen, VA; 

(Elmore et al., 2014)) was formulated in standard mouse chow (AIN-76A-D1001i, Research 

Diets, New Jersey, USA). At weaning (P21), vehicle- and TCDD-exposed C57Bl/6J and 

Cx3cr1GFP/+ mice were fed control or PLX3397 chow for two weeks to eliminate 

microglia then immediately returned to standard control chow for an additional two weeks 

to allow microglia to fully repopulate. Depletion was verified in littermates sacrificed 

immediately following the depletion period. Significant depletion was achieved with 97.4% 

of microglia eliminated in PLX3397-treated animals (n=4; 2 males, 2 females) compared 

to controls. Immediately following microglia repopulation, cortical inflammatory state was 

assessed with RT-QPCR (C57Bl/6J) and microglia function was assessed with two-photon 

imaging (Cx3cr1GFP/+).

2.4. Gene expression analyses.

RNA was extracted using the RNeasy Mini Plus kit (Qiagen) according to the 

manufacturer’s instructions. RNA was quantified using the Nano Drop spectrophotometer. 1 

μg of RNA was reverse transcribed to cDNA using Superscript IV reverse transcriptase and 

random hexamers (Invitrogen). To test that RNA was free of genomic DNA contamination, a 

control without reverse transcriptase was included.
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Real-time quantitative polymerase chain reaction (RT-qPCR) analysis was conducted using 

an Applied Biosystems QuantStudio 3 Real-Time PCR system with the following reaction 

set-up: 5 μL of Power SYBR Green PCR Master Mix (Applied Biosystems), 0.08 μL of 

reverse and forward primers each (20 μM), 3.84 μL of RNase-free water, and 1 μL of 

cDNA (5 ng). A water-only control was also included in each reaction. The qPCR cycling 

conditions were: 50°C for 2 minutes, 95°C for 10 minutes, followed by 40 cycles of 

95°C for 15 seconds and 60°C for 1 minute. Optimization of primer concentrations and 

primer efficiencies using a 5-log dilution series was carried out prior to the commencement 

of quantification experiments. Only primer sequences and cycling conditions that yielded 

primer efficiencies between 90 and 110% were used. Samples were set up in duplicate and 

analyzed using QuantStudio design and analysis software (Applied Biosystems). Melt curve 

analysis was also performed on all samples. Calculations used the comparative CT (ΔΔCT) 

method (Livak and Schmittgen, 2001) and measurements were normalized to the expression 

of three reference genes, Gapdh, β-actin, and Eif2b1. Primer 3 software was used to design 

exon-spanning primers and sequences are listed in Table 1.

2.5. Microglial isolation by fluorescence activated cell sorting (FACS).

Male and female C57BL/6 mice at ages P28 to P34 were processed for FACS and RNA-seq 

as described previously (Stowell et al., 2019; Wong et al., 2018). Mice were euthanized 

by intraperitoneal injection of sodium pentobarbital (Euthasol, Virbac, St. Louis, MO) and 

transcardially perfused with ice cold 0.15 M PB. Each brain was removed and the cortex was 

immediately dissected in ice-cold, degassed FACS buffer (0.5% BSA (Sigma A2153) in 1X 

PBS without cations (Invitrogen 20012–027 pH 7.2).

Tissue was kept on ice and dissociated into a single-cell suspension with a Dounce 

homogenizer. Dissociated cells were passed through a 70 μm filter and centrifuged at 

274 x g for 7 minutes at 4°C. Supernatants were removed and cell pellets were prepared 

for magnetic labeling with Myelin Removal Beads II according to the manufacturer’s 

instructions (Miltenyi 130–0960733). Magnetic columns (Miltenyi 130–096-733) were 

primed with FACS buffer and samples were applied to the columns through a clean 70 

μm filter. The myelin-depleted flow-through was centrifuged, the supernatant removed, and 

the cell pellets incubated in Fc block (BioLegend 101320) for 15 minutes at 4°C.

Following Fc block, cells were protected from light and incubated with CD11b-Alexa 

Fluor 488 (Clone M1/70; BD Pharmingen 557672) and CD45-APC (Clone 30/F11; BD 

Pharmingen 561018) for 30 minutes at 4°C. Compensation controls (Alexa Fluor-488 beads, 

APC beads (eBiosciences 01–111-42), unstained cells, and triton-X treated cells) were also 

prepared fresh. DAPI was used to discriminate live/dead cells (Molecular Probes; final 

concentration: 2 μg/mL). All samples and controls were re-suspended in 400μL of FACS 

buffer with DAPI just prior to sorting on an 18-color FACS Aria II flow cytometer (BD 

Biosciences). Our ability to specifically isolate microglia with this FACS protocol was 

validated by examining the relative transcript expression levels of a subset of genes of 

interests divided into three groups (Wong et al., 2018): Group 1) genes expressed solely 

in CNS microglia, Group 2) genes expressed differentially in immunologically reactive 

CNS microglia, and Group 3) genes expressed in neurons, astrocytes, and oligodendrocytes 
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(Supp. Figure 1). Microglia specific genes such as Cx3cr1, P2ry12, and Tmem119 had 

consistently high expression while genes expressed in cells other than microglia such as 

Thy1, S100ß, and Mog had consistently low expression, demonstrating the specificity of our 

microglia FACS-sorting protocol. Furthermore, markers of peripheral immune cells Cd19 (B 

cells), Cd3E (T cells), and Ly6G (granulocytes) were not detected, demonstrating that the 

FACS-sorted samples did not contain peripheral immune cells (Grabert et al., 2016; Wong et 

al., 2018).

2.6. RNA isolation and RNA-sequencing.

Total RNA from sorted microglia (CD11b+, CD45-low) was isolated using the RNeasy 

Micro Kit (Qiagen). RNA Integrity Number (RIN) was 9.38 ± 0.2 and RNA concentration 

was 590 pg/μL ± 0.07 across the 20 samples. 1 ng of total RNA was pre-amplified 

with the SMARTer Ultra Low Input kit v2 (Clontech; (Wong et al., 2018)). cDNA 

quality was determined using a Qubit Flourometer (Life Technologies) and Agilent 

2200 TapeStation. Illumina compatible sequencing libraries were generated from 5 ng 

cDNA with the NexteraXT library prep kit (Illumina). Libraries were hybridized to the 

Illumina single-end flow cell and amplified using the cBot (Illumina) at 8 pM per lane. 

Single-end reads of 100nts were generated. Data analysis included adapter removal by 

Trimmomatic-0.36 “TRAILING:13 LEADING:13 ILLUMINACLIP:adapters.fasta:2:30:10 

SLIDINGWINDOW:4:20 MINLEN:35” (Bolger et al., 2014). Mapping to the mouse 

reference genome (GRCm38.p4) with done using STAR 2.6.0c a “--twopassMode Basic --

runMode alignReads --genomeDir ${GENOME{ -readFilesIn ${SAMPLE} --outSAMtype 

BAM SortedByCoordinate --outSAMstrandField intronMotif --outFilterIntronMotifs 

RemoveNoncanonical” (Dobin Bioinformatics 2013). Read quantification was accomplished 

with HTSeq-count v0.6.1 “subread-1.6.1, featurecounts, -s 0 -t exon -g gene_name” and 

“subread-1.6.1, featurecounts, -M -s 0 -t exon -g gene_name.” Identification of differentially 

expressed genes was completed using DeSeq2–1.16.1.

The 12,167 genes found to be expressed (read counts > 50) in at least one sample were 

retained for subsequent analyses. Linear modeling was performed using the limma R 

package (version 3.44.3) with precision weights calculated using voom (Law et al., 2014). 

The linear model for each gene contained binary indicator variables for TCDD exposure and 

sex and an interaction between TCDD exposure and sex. Gene set testing was performed 

using ROAST (Wu et al., 2010), which implements a rotation-based allowing for gene-wise 

correlation.

2.7. Histology.

Brains were harvested from gestationally-exposed mice at P28. All mice were first deeply 

anesthetized using Euthasol, perfused intracardially with 0.1 PBS with heparin and 4% 

paraformaldehyde. Brains were removed and cryoprotected using a graded sucrose treatment 

(10% and 30%). Coronal sections were taken at 50 μm thickness using a standard freezing 

microtome and stored in cryoprotectant (25% 0.2M PBS, 25% glycerol, 30% ethylene 

glycol, and 20% distilled water). Sections that included the primary visual cortex (V1) 

were selected for histological processing and were level-matched to exclude the impact of 

regional differences in microglia density and morphology. V1 was chosen as microglia are 
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known to be critical mediators of synaptic plasticity in developing V1 (Sipe et al., 2016; 

Stowell et al., 2019) and AhR deletion leads to functional deficits in V1 neuronal circuitry 

(Juricek et al., 2017).

Sections were processed free-floating at room temperature (RT), except where noted. 

Briefly, sections were rinsed in 0.1M PBS, incubated in a 10mM sodium citrate buffer 

at 80°C for 30 minutes, and brought to RT before rinsing in 0.1M PBS. Sections were then 

incubated in a peroxidase block (10% Methanol, 30% Hydrogen Peroxide) for 20 minutes, 

rinsed in 0.1 PBS, and transferred to an additional blocking solution (0.2% Triton-X, 5% 

Bovine Serum Albumin) for one hour. After this block, sections were incubated for 24 hours 

in a humidified chamber at 4°C in primary antibody (1:2500 rabbit polyclonal anti-Iba-1, 

Wako Pure Chemical Industries Inc. #019–19741; 0.5% Bovine Serum Albumin). Sections 

were allowed to acclimate to RT for 30 minutes and subsequently incubated for 4 hours 

in secondary antibody (1:500 donkey anti-rabbit Alexa Fluor 488, Invitrogen, Catalogue# 

A21206; 0.5% BSA), followed by a final rinse in 0.1 PBS and then mounted onto slides with 

Prolong Gold Mounting Media (Invitrogen; #P36934).

2.8. Image Analysis.

Histologically processed sections were imaged using a standard confocal microscope (Zeiss 

LSM 510 META) with 20x, 0.5 NA, air-immersion and 40x, 1.2 NA, water-immersion 

objectives at a digital scan resolution of 1024 X by 1024 Y. For all animals, images were 

taken of three different sections of V1 with the exception of three animals in which images 

of only two sections could be taken due to tearing. Images were then imported into Image J 

and projected in the z dimension.

2.8.1. Microglial Density Analysis: Images containing white matter were cropped to 

include only V1. Each microglial cell body was marked, and the number of microglia and 

their coordinates were recorded. The number of microglia was used to determine cellular 

density (number of microglia/mm2). The average cellular density was then taken for each 

litter.

2.8.2. Microglial spacing analysis: The cellular coordinates obtained in ImageJ 

were analyzed using a custom algorithm implemented in Matlab (Mathworks) in order to 

determine the average distance between each microglia and its nearest neighbor (nearest 

neighbor distance). A spacing index was generated as: (average nearest neighbor distance)2 

* microglial density. The average spacing index was then taken for each litter.

2.8.3. Sholl analysis: Sholl Analysis was conducted with an automated ImageJ Sholl 

analysis plugin (kindly provided by the Anirvan Ghosh Laboratory, UCSD) in order to 

determine the level of ramification of the microglia. This was done by drawing concentric 

circles starting at a radius equivalent to that of the microglial soma and increasing in radius 

size by a constant value of 2μm. The number of intersections between the circles and 

microglia branches was counted and used to determine the branching density of microglia 

as a function of distance from the soma. For quantitative analysis between groups, the 
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maximum number of intersections was calculated, along with the full width at half max 

(estimated by interpolating the data points on the Sholl graphs for each animal).

2.9 Two-Photon Imaging.

In vivo imaging was performed using a custom two-photon laser-scanning microscope. The 

microscope consists of a Ti:Sapphire laser providing 100 femtosecond pulses at 80MHz at 

a wavelength of 920nm (Mai Tai, Spectra-Physics) and a modified Fluoview confocal scan 

head (Olympus). For single channel imaging of GFP, fluorescence was detected using a 

photomultiplier tube (Hamamatsu) and a 580/180 filter. Image acquisition was accomplished 

using a 20x, 0.95 NA lens (Olympus) and Fluoview software. All imaging was carried 

out on gestationally-exposed animals when they were between P60 and P600. Mice were 

anesthetized with fentanyl cocktail [fentanyl (0.05 mg/kg), midazolam (5.0 mg/kg), and 

dexmedetomidine (0.5 mg/kg), i.p.] and body temperature was maintained at 37°C.

For quantification of microglia motility, an area of the skull was thinned over primary 

visual cortex (V1) in adult Cx3Cr1GFP/+ mice exposed gestationally to either TCDD or 

saline. Z-stack images of microglia were collected at digital zoom 5, every 5 minutes for 

one hour. Analysis was performed offline in ImageJ and Matlab using custom algorithms. 

Z-projections of consistent depth were generated for each time interval, concatenated, and 

corrected for motion artifact. A threshold was applied to all images, and color overlays 

generated for adjacent sets of time points, resulting in a single image where magenta pixels 

represent processes present in only the first time point (retraction), green pixels represent 

processes present in only the second time point (extension), and white pixels represent 

processes present in both adjacent time points (stability). A custom Matlab algorithm (Sipe 

et al., 2016) was used to compare pixels across time points or across overlays and generate 

a motility index (defined as the sum of all magenta and green pixels divided by all white 

pixels), a stability index (defined as the proportion of green pixels that became white in 

a subsequent overlay), and an instability index (defined as the proportion of white pixels 

which became magenta in a subsequent overlay). For each index, individual microglia values 

were averaged to generate the value per animal.

2.10. Focal laser ablations.

Laser ablations were achieved by carrying out a point scan localized at a microglial cell 

body for 15s at 780 nm using ~75mW at the sample. The microglial response to laser 

ablation was assayed as described previously (Davalos et al., 2005; Sipe et al., 2016), 

by quantifying the movement of microglial processes entering an inner radius (X, 1.75x 

ablation core diameter) centered around the ablation from an outer radius (Y, 3.0x ablation 

core diameter) over time. Timelapse z-projection images were generated and thresholded to 

normalize background fluorescence. The total number of pixels in X and Y were measured 

across time [Rx(t); Ry(t)] and the ablation response was calculated using the equation 

R(t)=(Rx(t)-Rx(0))/Ry(0). For quantitative analysis, the maximum response and the time 

taken to half of the maximum response was calculated from individual response graphs.
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2.11. Statistical Analysis.

Statistical analysis was conducted using the GraphPad Prism 6 statistical software. All data 

is shown as the mean ± standard error of the mean (SEM) and significance was determined 

using α < 0.05. The Grubbs Outlier test (http://graphpad.com/quickcalcs/Grubbs1.cfm) was 

used to check for and exclude statistical outliers (1 outlier removed from Figure 2 TNF-α 
comparison). For all comparisons of animals exposed to either TCDD or vehicle during 

gestation using data combined for both sexes, two-tailed, unpaired student t-tests were used 

to determine significance. For sex-specific effects and effects of repopulation, significance 

was determined using two-way ANOVAs with Bonferroni multiple comparisons tests.

3. RESULTS

3.1. Pro- and anti-inflammatory cytokines are increased in P28 cortex of TCDD exposed 
mice.

To understand how microglia are impacted by perinatal TCDD exposure, we exposed 

pregnant dams with TCDD or vehicle at embryonic day 0, 7, 14 and again at birth, 

simulating prolonged exposure during development through both gestational and lactational 

routes (Figure 1A). This exposure paradigm resulted in a 17% decrease in whole body 

weights of the TCDDexposed offspring vs. vehicle-exposed offspring Figure 1B; unpaired 

t-test, P = 0.0002;). When analyzed by sex, only TCDD-exposed males had significantly 

reduced body weights compared to their vehicle equivalents (Figure 1C; two-way ANOVA, 

exposure: P < 0.0001; Bonferroni post-hoc test P < 0.0001). Interestingly, TCDD-exposed 

mice exhibited a 12% increase in cortical brain weight (Figure 1D; unpaired t-test, P < 

0.0001). This weight increase was evident in both TCDD-exposed females and males, with 

TCDD-exposed males exhibiting more significant cortical weight gain than TCDD-exposed 

females (Figure 1E; two-way ANOVA, exposure: P < 0.0001; Bonferroni post-hoc test 

female: P = 0.0114, male: P = 0.0026). To confirm the action of TCDD in the brain, we 

performed RT-qPCR to assay expression of the AhR downstream target gene Ahrr. We 

found a significant increase in Ahrr expression (Figure 1F,G; unpaired t-test, P = 0.0150) 

demonstrating that TCDD successfully activates the AhR signaling pathway following this 

perinatal TCDD exposure paradigm.

To assess whether perinatal TCDD exposure creates an inflammatory environment in the 

brain, we quantified the gene expression of several pro- and anti-inflammatory cytokines 

in the whole cortex (Figure 2). While gene expression does not necessarily reflect protein 

expression, TCDD-exposed mice had a small, but significant, increase in several cytokines, 

including TNF-α, IL-6, IL-1β, iNOS, and Arginase compared to vehicle-exposed mice 

(Figure 2; Table 2; unpaired t-test, TNFα: P < 0.0001; IL-6: P = 0.0045; IL-1β: P < 0.0001; 

iNOS: P = 0.0236; Arg: P = 0.0080). These cytokines have previously been shown to be 

secreted by microglia (Cherry et al., 2015; Lee et al., 2015; Li et al., 2013; Xu et al., 2013). 

When analyzed by sex, only the TCDD-exposed males exhibited a significant increase in 

pro- and anti-inflammatory cytokines compared to their vehicle-exposed equivalents (Figure 

2; Table 2; two-way ANOVA/Bonferroni post-hoc, TNFα: sex: P = 0.8159, post-hoc: P = 

0.0001; IL-6: sex: P = 0.0004, post-hoc: P < 0.0001; IL-1β: sex: P = 0.6248, post-hoc: P = 
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0.0005; iNOS: sex: P = 0.0845, post-hoc: P = 0.0018; Arg: sex: P = 0.2725, post-hoc: P = 

0.0093).

To determine the contribution of specifically microglia in modulating neuroinflammation 

following perinatal TCDD exposure, we used fluorescence activated cell sorting (FACS) 

to isolate microglia from the cortex at P28 and RNA-sequencing to assess changes in the 

transcriptome of these microglia (Figure 3; Supplementary Figure 1). To assess perinatal 

TCDD-related changes in the microglial transcriptome, we performed RNA-sequencing 

on these FACS-isolated microglia. When looking at individual genes, after adjusting for 

multiple testing, we found no adjusted p-values less than 0.05. However, there were 346 

genes with a logfc greater than or equal to 1.5, indicating that some genes were affected 

by TCDD in these samples, and the number of affected genes and direction of change 

differed between males and females (Figure 3). These findings indicate that the FACS 

procedure may have altered what may have already been a mild phenotype by causing 

overall mild reactivity and are consistent with our initial findings in Figure 2 in that perinatal 

TCDD exposure may produce subtle, rather than profound, changes in microglial transcript 

expression.

3.2. Changes in microglial morphology and dynamics are not evident in mice 
developmentally exposed to TCDD.

To determine whether perinatal exposure to TCDD causes a lasting defect in microglial 

function, we examined the immunoreactivity of Iba-1, a microglial marker, in fixed sections 

of visual cortex at P28. Because microglia infiltrate the brain during embryogenesis, we 

first examined the recruitment and establishment of microglia by quantifying the density 

and spacing of microglia in primary visual cortex. Cortices from both exposure groups 

were tiled with Iba-1 positive microglia that appeared evenly spaced across the whole 

region (Figure 4A), and we found no significant difference between the vehicle and TCDD 

exposed groups in regards to microglial density (Figure 4B). In addition, we found no 

significant difference in their spacing index, which quantifies the regularity of microglial 

placement given their density in the cortex (Figure 4C). This suggests that perinatal TCDD 

exposure does not cause an overt developmental defect in microglial ability to populate 

and distribute within cortical regions of the brain. We also looked for any sex-specific 

differences in density or spacing of the two groups, since it has been suggested that both 

baseline and toxicant-elicited sex-specific differences in microglial behavior exist (Bolton 

et al., 2017; Lenz et al., 2013; Schwarz et al., 2012), and we have observed a sex-specific 

difference in TCDD-induced inflammation (Fig. 2). We found that microglia from male 

and female vehicle-exposed mice showed similar densities and spacing characteristics 

(Figure 4D–E). While TCDD exposure did not alter density or spacing in female mice, 

TCDD-exposed males have microglia which are significantly more clustered compared to 

males developmentally exposed to oil, although the effect was small at about 10% change 

(Figure 4E; two-way ANOVA, P = 0.0291; Bonferroni post-hoc test, P < 0.01). This implies 

that perinatal TCDD exposure has limited effects on microglial density and distribution 

long-term.
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While our density, spacing, and gene expression analysis did not suggest overt reactivity, we 

decided to analyze microglial morphology using Sholl analysis, which quantifies microglia 

ramification by analyzing arbor complexity to look at subtle changes that might be indicative 

of an altered microglial state (Figure 5A), since more reactive microglia typically have 

less branching and arbor complexity (Kettenmann et al., 2011). Both qualitative analysis of 

the images and the Sholl quantification showed similar branching of microglia in the two 

conditions (Figure 5B–C), with the arbor becoming most complex at a distance of 12 μm 

away from the soma with ~15 intersections occurring at this distance. Arbors had a radius 

of ~40 μm in both conditions. We did not find any significant effect of perinatal TCDD 

exposure on the maximal height or full width half max of the curve of the Sholl curve 

(Figure 5E–F). We also separated out male and female mice and found that there was no 

significant effect of sex in vehicle- or TCDD-exposed mice (Figure 5D, G–H).

Because physiological microglia are highly motile (Davalos et al., 2005; Nimmerjahn et al., 

2005) and it is likely that this behavior is required for the role microglia play in mediating 

neurophysiological processes, we assayed microglial process motility in vivo in adult mice 

in the presence or absence of perinatal TCDD exposure (Figure 6A). We found that perinatal 

TCDD exposure had no effect on microglial process motility (a measure which includes 

retraction and extension; Figure 6B), stability (a measure of stabilization of newly extended 

processes; Figure 6C), or instability (a measure of retraction of previously stable processes; 

Figure 6D). These results suggest that perinatal TCDD exposure does not have a long-lasting 

impact on microglial dynamic behavior. We also separated out male and female mice and, 

while the small sample size precluded rigorous analysis, there were no apparent trends 

that suggest sex-specific differences in motility, stability, or instability in vehicle or TCDD 

exposure conditions (Figure 6E–G).

3.3. Microglial priming to tissue injury is evident in mice developmentally exposed to 
TCDD.

While perinatal TCDD exposure did not cause overt changes in baseline microglia 

characteristics, such exposure may impact the ability of microglia to respond to a 

pathological stimulus (Norden et al., 2015). To determine the impact of perinatal TCDD 

exposure on the microglial response to pathological insult, we performed a laser ablation to 

assay the microglial response to a focal brain injury in vivo (Figure 7A). We found there 

was a significant increase in the magnitude, but not the speed, of the microglial response to 

a focal injury in TCDD versus vehicle-exposed adult mice (Figure 7B–D, Student’s t-test, 

p = 0.0377). No sex-specific effects were apparent (Figure 7E,F). These results suggest that 

while perinatal TCDD exposure may not induce detectable differences in baseline microglia 

behavior, it may influence how microglia respond to cortical injury.

3.4. Short-term microglia depletion and repopulation.

Healthy (Elmore et al., 2014) and injured (Rice et al., 2017; Rice et al., 2015) microglia 

require signaling from the colony-stimulating factor 1 receptor (CSF1R) for their survival. 

Small-molecule CSF1R inhibitors have been shown to cross the blood brain barrier and 

rapidly eliminate microglia (Elmore et al., 2014). Subsequent withdrawal of CSF1R 

inhibitors from microglia-depleted mice results in rapid repopulation with new microglia 
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within 14 days (Bruttger et al., 2015; Elmore et al., 2014). We hypothesized that microglia 

depletion would reverse the TCDD-induced increase in cortical inflammation. To test this 

hypothesis, Cx3cr1GFP/+ mice exposed to vehicle or TCDD were fed control or PLX3397 

chow starting at P21 for two weeks to eliminate microglia then immediately returned 

to standard chow for an additional two weeks to allow microglia to fully repopulate 

(Figure 8A,B). Following microglia repopulation, RT-QPCR was used to assay cortical 

inflammatory environment and two-photon imaging was used to survey microglia function. 

We again found a significant increase in several cytokines, including TNFα, IL-6, IL-1β, 

iNOS, and arginase, as a result of TCDD exposure alone (Figure 8C; Table 2; two-way 

ANOVA/Bonferroni post-hoc test, TNFα: repopulation: P = 0.3386; post-hoc: P = 0.0031; 

IL-6: repopulation: 0.0088, post-hoc: P < 0.0001; IL-1β: repopulation: P = 0.0014, post-

hoc: P < 0.0001; iNOS: repopulation: P = 0.0315, post-hoc: 0.0080; Arg: repopulation: 

P = 0.0023, post-hoc: P < 0.0001). However, there was no significant difference between 

either vehicle control or vehicle repopulated conditions and the TCDD-exposed repopulated 

condition (Figure 8C), indicating that microglial repopulation rectifies the inflammatory 

milieu induced by perinatal exposure to TCDD. Similarly, two-photon imaging indicated 

that while there is no difference in microglial process motility across conditions (Figure 

9A), this cohort again exhibited an increased inflammatory response to focal tissue injury 

as a result of TCDD exposure alone (Figure 9B; two-way ANOVA, exposure: P = 0.3139; 

Bonferroni post-hoc test, P = 0.0232). Moreover, there was no significant difference between 

either vehicle control or vehicle repopulated conditions and the TCDD-exposed repopulated 

condition (Fig 9B), indicating that microglial repopulation rectifies the aberrant pathological 

response to tissue insult induced by perinatal exposure to TCDD.

4. DISCUSSION

This study provides in vivo evidence that microglia in the intact brain may be uniquely 

positioned to translate toxic stimuli resulting from developmental TCDD exposure into 

long-term deficits in cortical brain functions. Our results suggest that, similar to acute, 

adult TCDD exposure (Lowery et al., 2021), perinatal exposure to TCDD does not cause 

overt changes in microglia that would indicate a severe deficit in the development of 

this immune cell, despite creating an inflammatory environment that is more evident in 

males. We found no defect in microglial ability to properly infiltrate the brain, establish 

distinct territories, develop a ramified morphology, and surveil the local environment via 

process motility. However, analysis of the microglia transcriptome revealed subtle, but 

durable, changes in microglial transcripts that, in their sum, could prime microglia to 

mount a pathological response to tissue injury. Indeed, we found that microglia exposed 

to TCDD perinatally respond more robustly to focal tissue injury. Encouragingly, both 

neuroinflammatory signaling and the related functional microglial defects could be rectified 

by depletion and repopulation of microglia at a time point after direct TCDD exposure had 

ceased. This suggests that microglia may mediate long-term effects of TCDD toxicity in the 

brain and can be targeted therapeutically. Below we discuss possible interpretations of these 

data, and the implications for future research on AhR agonists and CNS immune cells.
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4.1. Responsiveness of CNS vs. peripheral immune cells following developmental TCDD 
exposure

Within the peripheral immune system, TCDD exposure leads to immunosuppression 

(Mandal, 2005), a process that is mediated via the AhR (Fernandez-Salguero et al., 1995). 

Given that microglia express AhR (Ayata et al., 2018; Bennett et al., 2016; Lee et al., 

2015; Rothhammer et al., 2018), we expected a similar defect in the development of these 

immune cells. However, we found no evidence for a change in the state of microglial cells 

and microglia were able to divide, colonize the brain and transition into mature, ramified 

morphologies from immature infiltrating cells. Genomic analyses did not uncover large 

changes in microglial expression patterns that would indicate immunosuppression or altered 

maturation. This may suggest that microglia are relatively protected from TCDD exposure 

as compared to peripheral immune cells. One possible explanation for this contrasting 

vulnerability to TCDD is the considerable variability in AhR signaling in different immune 

cell populations. For example, while TCDD exposure leads to thymic involution and 

decreased T cell maturation (Vos et al., 1997), natural killer cell activity was found to 

be resistant (Kerkvliet, 1995). Similarly, while some groups have found that absence of the 

AhR leads to defective immune cell development, as evidenced by decreased T-cell and 

T-helper 17 cell development (Quintana et al., 2008; Stevens et al., 2009), other groups 

have found that there is no defect in functional immune response despite loss of the 

receptor (Vorderstrasse and Kerkvliet, 2001; Vorderstrasse et al., 2001). Taken together, 

these studies suggest that the impact of TCDD exposure on immune cell populations is 

cell-type dependent.

4.2. Direct vs. Indirect effects of TCDD on microglia

The subtle phenotype of TCDD-exposed microglia may be the result of the relative 

expression levels of AhR in microglia compared to other brain cell types in the mouse 

cerebral cortex. A RNA-sequencing study demonstrated that while cortical microglia 

express AhR, the expression level is much less than that in neurons, astrocytes, and 

endothelial cells (Zhang et al., 2014), and our RNA-seq results in FACS-sorted microglia are 

consistent with this low baseline expression. AhR deletion in brain Cx3Cr1+ cells induces 

an inflammatory microglial phenotype and acceleration of experimental autoimmune 

encephalitis (Rothhammer et al., 2018), showing that AhR is active in microglia and/or 

brain macrophages in the setting of adult disease. However, in the absence of tissue injury 

or an inflammatory environment, microglia may be relatively resistant to AhR ligands 

compared to other brain cell types, as observed in our prior study of adult TCDD exposures 

(Lowery et al., 2021), especially considering that AhR-null mice are resistant to the toxic 

effects of TCDD (Boule et al., 2018; Latchney et al., 2013; Winans et al., 2015). In line 

with this, in vitro exposure to 6-formylindolo[3,2-b]carbazole (FICZ), a shortacting AhR 

agonist with a very different metabolic profile than TCDD, alone was also not sufficient to 

activate AhR in freshly isolated microglial cells, but could activate AhR in astrocytes (Lee 

et al., 2015). While this could partially be explained by higher AhR transcript expression 

in astrocytes than in microglia (Zhang et al., 2014), the contrasting responsiveness may 

suggest distinctive and characteristic functions for microglial vs. astrocyte AhR in mediating 

neuroimmune responses, which remain to be explored. The low expression of AhR in 

microglia at baseline may elicit differential microglial responses to different AhR ligands, or 
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these low levels may preclude a direct effect of some AhR ligands on microglia, promoting 

instead a microglial response to AhR activity in cell types with higher AhR expression. 

Indeed, our results suggest that the effects of TCDD on microglia may be indirect because 

we found that perinatal TCDD exposure did not significantly alter Ahrr gene expression 

in sorted microglia while it did significantly increase Ahrr expression in whole brain 

tissue. There is also a chance TCDD exposure induces an acute short-lasting activation 

of microglial AhR that was no longer present at P28 when we assayed Ahrr. AhR is 

expressed throughout the brain (Kimura and Tohyama, 2017), and microglial surveillance 

allows microglia to monitor many different cell types through diffusible signaling and 

direct physical contacts. Thus, narrowing down indirect effects of TCDD and AhR activity 

on microglia will be challenging. One likely target for TCDD could be proliferating 

neural progenitor cells as TCDD exposure has been shown to alter multiple stages of 

developmental neurogenesis including neural progenitor cell proliferation, differentiation, 

and migration and these effects are heavily dependent on the ligand used to activate the 

receptor, the dosing regimen, brain region analyzed, and the age and timing of exposure 

(Collins et al., 2008; Dever et al., 2016; Kimura et al., 2017a; Kolluri et al., 1999; 

Mitsuhashi et al., 2010; Wei et al., 2021; Williamson et al., 2005). It is conceivable that 

effects on developmental neurogenesis could lead to changes in cortical structure and 

ultimately influence behavior (Reviewed in (Latchney and Majewska, 2021)). Therefore, 

since there are no significant changes in microglia number and density, the increase 

in cortical weight observed in TCDD-exposed mice is unlikely derived from microglial 

changes and instead could be due to abnormalities in neurogenesis. It is interesting to note 

that forced repopulation of microglia, which replaced the microglial niche with microglia 

that had not been exposed to TCDD, normalized microglial behavior. This suggests that 

TCDD may indeed have subtle direct effects on microglia or that indirect effects are also 

restricted to the time period of TCDD exposure.

4.3 Context-dependent effects of TCDD on microglia

As suggested above, it is possible that an inflammatory cellular milieu may be required 

for microglia to respond to AhR ligands. Prior studies in peripheral (Vorderstrasse et al., 

2004; Winans et al., 2015) and CNS (Lee et al., 2015) immune cells have consistently 

shown that exposure to short- or long-acting AhR agonists does not stimulate a robust 

immune response on its own, unless these immune cells are exposed to an inflammatory 

stimulus Consistent with these studies, we also find that in vivo microglial function is not 

altered with TCDD exposure unless these cells are presented with a focal tissue injury. The 

increased reactivity of TCDD-exposed microglia to tissue injury could be due to a primed 

transcript profile in these cells (Norden et al., 2015), as we did see some non-significant 

changes in our expression studies. Whether these altered transcripts and altered microglial 

responses lead to deficits in higher brain functions involving the cortex also remain to be 

explored. Inflammation can also upregulate AhR expression in microglia (Lee et al., 2015), 

adding to the context-dependent responsiveness of microglial AhR. AhR upregulation can 

make microglia more susceptible to toxic AhR ligands like TCDD when these microglia are 

immunologically challenged. When combined with these previous reports, our findings add 

to the emerging model that microglial AhR may be resistant to individual insults (Lowery 
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et al., 2021; Vorderstrasse et al., 2004; Winans et al., 2015), but may prime microglia to be 

more susceptible to secondary stimuli (Norden et al., 2015).

An additional question is whether other contexts could also uncover latent microglial 

deficits. Microglia are critical to many physiological brain functions and can mobilize 

phagocytic machinery and undergo morphological alterations during periods of intense 

synaptic remodeling (Mendes and Majewska, 2021). Recent research elucidating the 

intertwined nature of microglia pathological and physiological functions suggests that 

chronic, microglia-mediated inflammation shifts the balance away from physiological 

functions towards pathological functions resulting in a loss of normal microglia-mediated 

physiological processes (Perry and Holmes, 2014; Shahidehpour et al., 2021). Thus it is 

possible that in the presence of plasticity-inducing stimuli TCDD-exposed microglia may 

likewise show deficits in mounting an appropriate response.

4.4. Sex-dependent effects following perinatal TCDD exposure

There is increasing evidence defining sex-dependent differences in microglia both under 

physiological (Guneykaya et al., 2018; Hanamsagar et al., 2017) and pathological 

conditions, including in response to environmental insults (Bolton et al., 2017). In line 

with this, we found a sexually dimorphic inflammatory response to TCDD exposure with 

TCDD-exposed males demonstrating a mild, but significant, upregulation in inflammatory 

cytokines. Additionally, while we did not find a significant effect of sex on microglial gene 

expression profiles following TCDD exposure, we did observe a different pattern of gene 

regulation in TCDD-exposed microglia from male and female mice. However, converse to 

our gene expression findings, we did not find any overt and persistent sex-specific effects 

of TCDD exposure on either baseline microglia characteristics or response to tissue injury. 

Given recent literature suggesting that male and female microglia proceed along the path of 

developmental programming on different timescales (Thion et al., 2018) which subsequently 

renders male microglia more susceptible to disruptions during development, it is possible 

that the gene expression changes in TCDD-exposed males were not large enough to translate 

to male-specific changes in microglia behavior. Limited data examining sex in microglial 

studies makes interpretation of sex-specific differences in microglial behavior difficult and 

underscores the need for increased inclusion of sex as a variable in future studies.

4.5 Microglia repopulation and rescue of developmental environmental exposure-induced 
defects

Removing TCDD-exposed microglia and replacing them with naïve microglia, using 

depletion and repopulation techniques, resulted in the resolution of the whole brain 

inflammatory milieu and restoration of normal microglial functional response to acute 

tissue injury. These findings suggest that microglia are responsible for the TCDD-induced 

inflammatory signaling and may propagate their own immune deficits rather than 

responding to prolonged changes in other cells. This also shows that defects resulting 

from environmental insults that occur during early life, a sensitive period of microglial 

development, are not permanent and can be rectified at a later time. Whether the effects 

of repopulation are long-lasting, however, is not clear. In the aged brain, microglial 

depletion and repopulation resulted in new, replenished microglia that morphologically 
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resembled young, un-primed microglia and age-related neuronal and cognitive defects were 

reversed (Elmore et al., 2018). However, this microglial rejuvenation only partially reversed 

the primed, aged phenotype due to continued exposure to an unchanged inflammatory 

environment in the aged brain (O’Neil et al., 2018). These findings underscore the 

importance of the brain microenvironment in influencing microglial function and suggest 

the importance of examining later time points in our model to assess whether the continued 

presence of TCDD in fatty tissue or long-lasting changes in other cortical cells could act as a 

continued insult that would return newly born microglia to their previous state.

It is puzzling that repopulated microglia appear to have restored function given that 

microglial repopulation is thought to proceed from a small number of microglia that remain 

through the depletion process. There are at least two possible explanations for this finding. 

First, it is possible that while the parent microglia were negatively impacted by TCDD 

exposure either directly or through interactions with other cell types at the time of TCDD 

exposure, the resulting defect is not passed to the daughter cells. This may be due to the 

lack of epigenetic or cytoplasmic changes that would be passed to daughter cells and may 

be insult-specific. Second, it is possible that the subset of microglia which remain after 

Csf1R-inhibition may be a distinct population that is more resistant to external insults. 

Recent research suggests that there is a CSF1R-independent population of microglia which 

are highly proliferative and seem likely to be the population remaining following depletion 

via Csf1R inhibition (Mendes et al., 2021; Zhan et al., 2020). This subset of microglia, 

which distinctly express Mac2, may likewise respond differently to outside insult. While this 

remains to be tested experimentally, mounting evidence supports the idea that microglia are 

a highly heterogeneous population (Masuda et al., 2020), and if true, this would allow a 

common strategy for rejuvenating microglia after different insults.

4.6. Conclusion and future outlook

It is important to continue probing the impact of TCDD exposure on CNS immune cells. 

Because AhR activation may positively influence peripheral immune cell development, the 

use of AhR ligands has been proposed as a potential therapeutic option for immune-related 

disorders (Barroso et al., 2021; Marshall and Kerkvliet, 2010). However, it has recently been 

demonstrated that exposure to AhR agonists such as dietary tryptophan metabolites induces 

wildtype microglia to take on the same inflammatory phenotype as AhR-null microglia 

(Rothhammer et al., 2018). These findings suggest that while AhR manipulation may have 

peripheral benefits, it may not be beneficial in the CNS and underscores the importance 

of further elucidating the role of AhR and its binding partners in microglial function and 

their neuromodulatory roles in development (the current study) and adulthood (Lowery et 

al., 2021). Here, we expand on our prior study (Lowery et al., 2021) and demonstrate that 

microglia are indeed impacted by perinatal TCDD exposure long after this exposure has 

ended, although the effects are subtle and likely to be uncovered only when microglia are 

actively participating in a pathological response. However, it is encouraging that microglia 

function can be recovered through repopulation of naïve microglia at a later point in life, 

suggesting additional therapeutic options for microglia-induced cortical dysfunction.
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HIGHLIGHTS

• Baseline microglia function reamains intact after perinatal TCDD exposure.

• Microglial response to pathological stimuli is altered by perinatal TCDD 

exposure.

• Functional changes after perinatal TCDD exposure can be rectified by 

microglial repopulation.
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Figure 1. 
(A) Timeline of perinatal TCDD exposure. (B) C57Bl/6J mice exposed to TCDD weighed 

significantly less than vehicle-exposed mice at P28 (n = 19–24 animals per group; unpaired 

t-test, P = 0.0002) (C) This weight loss was evident only in TCDD-exposed males (n = 9–12 

animals per group; two-way ANOVA, interaction: P = 0.0274; sex: P = 0.0274; exposure: 

P < 0.0001; Bonferroni post-hoc, females: P = 0.3236; males: P < 0.0001). (D) P28 TCDD-

exposed cortices weighed significantly more compared to vehicle-exposed cortices (n = 

19–23 animals per group; unpaired t-test, P < 0.0001). (E) This weight gain was evident in 
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both TCDD-exposed males and females (n = 9–12 animals per group; two-way ANOVA, 

interaction: P = 0.7214; sex: P = 0.8571, exposure: P < 0.0001; Bonferroni post-hoc, 

females: P = 0.0114; males: P = 0.0026). (F, G) Ahrr expression is significantly increased 

following perinatal TCDD exposure, with no significant sex difference (n=16–19 animals 

per group; unpaired t-test, P < 0.0150). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001 vs. vehicle. Graphs show individual data points and mean ± SEM.
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Figure 2. 
RT-qPCR analysis of (A) Tnf-α, (B) IL-6, (C) Il-1β, (D) iNos, (E) and Arginase mRNA 

expression from P28 cortices of C57Bl/6J mice exposed to vehicle or TCDD during 

gestation and lactation. mRNA expression was normalized to the expression of three 

reference genes, Gapdh, β-Actin, and Eif2b1. For all genes, TCDD-exposed mice had 

significantly increased expression compared to their vehicle-exposed equivalents (n = 16–19 

animals per group). When analyzed by sex, only TCDD-exposed male mice exhibited a 

significant increase in gene expression for all cytokines tested (n = 6–11 animals per group). 
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*P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle. Graphs show individual data points and 

mean ± SEM.
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Figure 3. 
RT-qPCR analysis of microglia following gestational TCDD exposure. 346 genes had a 

logfc greater than or equal to 1.5. The number of affected genes and the direction of change 

differed between males and females.
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Figure 4. 
(A) Representative images showing Iba1+ microglia in binocular primary visual cortex of 

male and female C57Bl/6J mice at P28 after exposure to vehicle or TCDD during gestation 

and lactation. Scale bar = 50μm. (B,C) There is no significant difference in microglial 

density or distribution throughout binocular visual cortex across treatment groups. (D,E) 
There is no sex-specific effect on microglia density, but TCDD induces a small change 

in microglia distribution in male mice (n = 8 litters per condition, two-way ANOVA, 

interaction: P = 0.0047, sex: P = 0.0768, exposure: P = 0.0291; Bonferroni post-hoc: P = 

0.0034). *P < 0.01. Data points represent litter averages and graphs show mean ± SEM.
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Figure 5. 
(A) Image representing Sholl analysis on Iba1+ microglia. Concentric circles are drawn at 

varying distance from the soma and intersections between these circles and the microglial 

arbor are quantified. (B) Representative images of Iba1+ microglia in binocular primary 

visual cortex of male and female C57Bl/6J mice at P28 after exposure to vehicle or TCDD. 

Scale bar = 20μm. Microglial process arbor complexity is similar across treatment groups in 

the combined data set (C) and in males and females analyzed separately (D). (E-F) There 

is no significant difference in the height (maximum number of intersections, E) or width 

(full width half max, F) of the Sholl distribution. (G-H) There is no sex-specific effect on 

microglial process arbor complexity across treatment groups. Data points represent litter 

averages and graphs show mean ± SEM.
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Figure 6. 
(A) Schematic representation of motility analysis. Images of Cx3cr1G/+ mice 

developmentally exposed to either vehicle or TCDD were collected every 5 minutes for 

1 hour. To assay process motility, each microglia was analyzed individually across all time 

points. Time point t = 0 minutes was pseudocolored magenta, time point t = 5 minutes 

was pseudocolored green, and the two time points were overlaid to generate the merged 

image. In this image, magenta pixels represent processes which have retracted, green pixels 

represent pixels which have extended, and white pixels represent processes which remained 

stable. This analysis was performed for all adjacent pairs of time points. Scale bar = 20μm. 

(B-G) There is no significant difference in microglia process motility, stability, or instability 

across treatment groups in the combined data set or when analyzed for effect of sex. Graphs 

show individual data points and mean ± SEM.
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Figure 7. 
(A) Representative images of microglial response to focal laser ablation insult over the 

course of 1 hour in binocular primary visual cortex of Cx3Cr1G/+ mice exposed to 

either vehicle or TCDD during gestation and lactation. Notice the microglial processes 

accumulating at the autofluorescent injury core over the course of the experiment. Scale bar 

= 20μm. (B) Time course of microglial process response to focal laser ablation insult in 

mice exposed to vehicle or TCDD. (C) Mice exposed to TCDD exhibit a significantly higher 

microglial process response to focal laser ablation injury than vehicle-exposed mice (n = 
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5 animals per group; unpaired t-test, P = 0.0384). (D) There is no significant difference in 

speed of process response across groups. *P < 0.05; Graphs show individual data points and 

mean ± SEM.
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Figure 8. 
(A) Timeline of microglial repopulation. (B) Representative images of control microglia 

and microglial depletion following treatment with CSF1R inhibitor. Scale bar = 50μm. (C) 
RTqPCR analysis of Tnf-α, IL-6, Il-1β, iNos, and Arginase mRNA expression from P49 

cortices of C57Bl/6J mice exposed to vehicle or TCDD during gestation and lactation and 

later receiving control chow or chow containing a CSF1R inhibitor. TCDD-exposed mice 

had significantly increased expression compared to their vehicle-exposed equivalents only 

in the control chow condition. Following microglial repopulation, expression levels did 
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not significantly different from vehicle-exposure (n = 5–7 animals per condition). While 

the small sample size precluded rigorous analysis, when analyzed by sex, no significant 

differences were found between vehicle- and TCDD-exposed mice following microglial 

repopulation (n = 2–3 animals per group). mRNA expression was normalized to the 

expression of three reference genes, Gapdh, β-Actin, and Eif2b1. Graphs show individual 

data points and mean ± SEM.
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Figure 9. 
(A) Representative images of microglial process motility across a 5-minute period. Scale 

bar = 20μm. (B) There is no significant difference in microglia process motility, stability, or 

instability across treatment groups regardless of repopulation state, either in the combined 

data set or when analyzed for effect of sex. (C) Representative images of microglial 

process response to a laser-induced focal tissue injury over a 1-hour period. Scale bar 

= 20μm. (D) Mice exposed to TCDD exhibit a significantly higher microglial process 

response to focal laser ablation injury than vehicle-exposed mice, while this response 
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has been normalized following microglial repopulation (n = 4–6 animals per group; two-

way ANOVA, interaction: P = 0.0166, exposure: P = 0.3139, repopulation: P = 0.4096; 

Bonferroni post-hoc test, P = 0.0232.) Graphs show individual data points and mean ± SEM.
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Table 1.

List of primer sequences used for QPCR.

Gene Forward Reverse

β-actin 5ʹ-CCTCTATGCCAACACAGTGC-3ʹ 5ʹ-CCTGCTTGCTGATCCACATC-3ʹ

Gapdh 5ʹ-CAACTCCCACTCTTCCACCT-3ʹ 5ʹ-GAGTTGGGATAGGGCCTCTC-3ʹ

Eif2b1 5’-CAGGAGGACGTCCCAGATAA-3’ 5’-AGCGACTCGGCTCATAGGTA-3’

Il-1β 5ʹ-CAACAGAGAGCAACCAGAGC-3ʹ 5ʹ-TCATCTTTTGGGGTCCGTCA-3ʹ

Tnf-α 5’-GACCCCTTTACTCTGACCCC-3’ 5’-AGGCTCCAGTGAATTCGGAA-3’

Il-6 5ʹ-TACCACTCCCAACAGACCTG-3ʹ 5ʹ-ACTCCAGAAGACCAGAGGAA-3ʹ

iNos 5’-TGACGCTCGGAACTGTAGCAC-3’ 5’-TGATGGCCGACCTGATGTT-3’

Arginase 5’-ACAAGACAGGGCTCCTTTCAG-3’ 5’-GGCTTATGGTTACCCTCCCG-3’

Ahrr 5′-GAGGCCAGGTCCCAGAGATGAGAGA-3’ 5′-GGGGCGCAGAAGATCGGGCG-3′
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Table 2

Statistical results from cytokine analyses presented in Figs. 2 and 8.

Cytokine Statistics

Fig. 
2

t-test Two-way ANOVA Post-hoc

Interaction Sex TCDD Female Male

P 
value

Test 
Stat

P value Test 
Stat

P value Test 
Stat

P 
value

Test 
Stat

P value Test 
Stat

P 
value

Test 
Stat

Tnf-
α

p < 
0.0001

t(32) 
= 
5.294

p = 0.0381 F (1, 
31) = 
4.691

p = 0.8159 F (1,31) 
= 
0.05511

p < 
0.0001

F 
(1,31) 
= 
20.98

p = 
0.1738

t(31) = 
1.768

p = 
0.0001

t(31) = 
4.617

11–6 p = 
0.0045

t(33) 
= 
3.052

p = 0.0009 F (1, 
31) = 
13.59

p = 0.0004 F (1,31) 
= 16.12

p < 
0.0001

F (1, 
31) = 
24.39

p = 
0.7329

t(31) = 
0.9165

p < 
0.0001

t(31) = 
5.903

Il-lβ p < 
0.0001

t(33) 
= 
5.210

p = 0.2913 F (1, 
31) = 
1.152

p = 0.6248 F (1, 31) 
= 
0.2440

p < 
0.0001

F (1, 
31) = 
25.02

p = 
0.0144

t(31) = 
2.877

p = 
0.0005

t(31) = 
4.158

iNos p = 
0.0236

t(33) 
= 
2.374

p = 0.0235 F (1, 
31) = 
5.679

p = 0.0845 F (1, 31) 
= 3.176

p = 
0.0053

F (1, 
31) = 
8.976

p > 
0.9999

t(31) = 
0.4489

p = 
0.0018

t(31) = 
3.681

Arg p = 
0.0080

t(33) 
= 
2.822

p = 0.1787 F 
(1,31)= 
1.893

p = 0.2725 F (1, 31) 
= 1.248

p = 
0.0043

F (1, 
31) = 
9.509

p = 
0.4409

t(31) = 
1.251

p = 
0.0093

t(31) = 
3.052

Fig. 
8

Two-way ANOVA Post-
hoc

Interaction Repopulation TCDD Control PLX 
(Repopulation)

P value Test 
Stat

P value Test Stat P value Test 
Stat

P value Test 
Stat

P value Test 
Stat

Tnf-
α

p = 0.0059 F (1, 
20) = 
9.477

p = 0.3386 F (1,20) 
= 
0.9613

p = 
0.0519

F (1, 
20) = 
4.274

p = 
0.0031

t(20) = 
3.665

p = 
0.9719

t(20) = 
0.7099

Il-6 p = 0.0001 F (1, 
20) = 
22.08

p = 0.0088 F (1, 20) 
= 8.432

p = 
0.0046

F (1, 
20) = 
10.16

p < 
0.0001

t(20) = 
5.617

p = 
0.6025

t(20) = 
1.061

Il-1β p = 0.0002 F (1, 
20) = 
21.06

p = 0.0014 F (1, 20) 
= 13.64

p = 
0.0011

F (1, 
20) = 
14.55

p < 
0.0001

t(20) = 
5.985

p > 
0.9999

t(20) = 
0.5438

iNos p = 0.0066 F (1, 
20) = 
9.199

p = 0.0315 F (1, 20) 
= 5.350

p = 
0.1417

F (1, 
20) = 
2.341

p = 
0.0080

t(20) = 
3.249

p = 
0.6077

t(20) = 
1.055

Arg p = 0.0002 F (1, 
20) = 
21.49

p = 0.0023 F (1, 20) 
= 12.15

p = 
0.0011

F (1, 
20) = 
14.47

p < 
0.0001

t(20) = 
6.011

p > 
0.9999

t(20) = 
0.5842
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