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Abstract

Microglia, the immune cells of the brain, have a canonical role in regulating responses to 

neurological disease or injury, but have also recently been implicated as regulators of 

neurophysiological processes such as learning and memory. Given these dual immune and 

physiological roles, microglia are a likely mechanism by which external toxic stimuli are 

converted into deficits in neuronal circuitry and subsequently function. However, while it is well 

established that exposure to environmental toxicants negatively affects the peripheral immune 

system, it remains unknown whether and how such exposure causes neuroinflammation which, in 

turn, may negatively impact microglial functions in vivo. Here, we examined how acute 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) exposure in adulthood, which negatively impacts immune 

cells in the periphery, affects microglial characteristics in the cortex of the mouse. We found that 

microglia density, distribution, morphology, inflammatory signaling, and response to a secondary, 

pathological activation were unaffected by acute TCDD exposure. These results suggest that acute, 

peripheral TCDD exposure in adulthood is not sufficient to induce an overt inflammatory 

phenotype in cortical microglia.
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1. Introduction

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is an environmental pollutant that is primarily 

generated through industrial processes. It is highly toxic and bioaccumulates up the food 

chain, where it persists in humans with a half-life of up to 10 years. Despite precautions to 

limit human exposure, the pervasive nature of TCDD ensures that every person experiences 

some level of background exposure [1]. Once exposed, TCDD causes pathological changes 

in the function of multiple organ systems, including the brain [2]. TCDD toxicity is 

mediated by binding to the aryl hydrocarbon receptor (AhR), for which it is the strongest 

agonist [3]. AhR is a ubiquitously expressed ligand-activated transcription factor which 

monitors environmental cues and sends physiological signals that permit normal cellular 

function by regulating a large number of intracellular processes [4,5]. Subsequently, when 

TCDD activates this receptor, a cascade of negative responses can be induced, including 

increased expression of metabolic enzymes and inflammatory factors [6,7].

While TCDD is known to be neurotoxic [8,9], the cellular pathways through which TCDD 

and other dioxins affect brain function are still unclear. Several lines of evidence suggest that 

disruption of immune cell function may be a mechanism through which TCDD enacts its 

neurotoxic effects. In the peripheral immune system, TCDD negatively impacts both the 

development and function of various peripheral immune cell types. Exposure to TCDD 

results in dysregulated cellular differentiation, altered antigen presentation, and increased 

production of inflammatory cytokines, as well as priming a defective response to an immune 

challenge [10–14]. The action of TCDD on peripheral immune cells is mediated by the AhR 

receptor, as the immunosuppressive effects of TCDD exposure are absent in AhR knockout 

mice [15] and activation of AhR by TCDD has been demonstrated to alter the inflammatory 

response in macrophages [12,16]. Given similarities between peripheral immune cells and 

microglia, the immune cells of the brain, it is possible that microglia function is similarly 

negatively affected by TCDD exposure. The AhR receptor is also expressed in microglia 

[17], giving microglia and peripheral immune cells a common mechanism of TCDD 

vulnerability. Supporting this, in vitro studies show that the microglial immune response is 

reduced by activation of AhR by its agonists [17] and microglial exposure to TCDD results 

in the release of several neurotoxic inflammatory signals [18,19]. Therefore, it is possible 

that TCDD’s neurotoxic effect is a result of aberrant microglial activation and subsequent 

negative impacts on neuronal remodeling and survival.

To determine whether microglia are negatively impacted by environmental TCDD exposure 

in a way that could underlie the neurotoxic effects of TCDD, we examined the effects of 

acute TCDD exposure on microglial response profiles, which are known to change with 

inflammatory state [20]. We found that acute TCDD exposure in adulthood did not alter 

microglial density, distribution, morphology, expression of cytokines, or response to a 

secondary, pathological insult in the form of lipopolysaccharide (LPS) administration. This 
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demonstrates that neither microglial baseline characteristics nor their inflammatory response 

are overtly altered by a TCDD dose known to alter peripheral immune function. Our 

findings indicate that environmental TCDD exposure has differential impacts on the function 

of the central and peripheral immune systems.

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

standard light cycle of 12 h of light and 12 h of dark (6AM lights on). Chow and water were 

provided ad libitum.

2.2. TCDD exposure

The sample size for quantification of microglia density, distribution, and morphology 

consisted of 32 mice divided into four experimental groups. Each group contained at least 6 

mice and at least two mice of each sex between the ages of P60 and P142. Mice were first 

given a direct dose of 10 μg/kg of TCDD or olive oil as a control via oral gavage [10,21]. 

This exposure paradigm was chosen because it has been demonstrated to alter peripheral 

immune cell responses [22] and because TCDD administered via this dose [23] and 

administration route [24] has been demonstrated to cross the blood brain barrier (BBB) in 

mice. Twenty-four hours later the mice received a challenge of 0.75 mg/kg of LPS or saline 

through intraperitoneal (IP) injection. A moderate LPS dose has been demonstrated to 

induce a shift in the microglial transcriptome towards an inflammatory profile without 

approaching septic levels [25]. A second cohort of mice was generated for RT-qPCR 

experiments. Sample size consisted of 24 mice divided into four experimental groups, each 

containing 3 males and 3 females between the ages of P120-P130. Mice were first given a 

direct dose of 10 μg/kg of TCDD or olive oil via oral gavage. Twenty-four hours later the 

mice received a challenge of 4 mg/kg of LPS or saline (IP). While moderate doses of LPS 

have been shown to induce pro-inflammatory shifts in the microglial transcriptome [25], a 

higher dose of LPS was used in this cohort to ensure the microglia pro-inflammatory 

response was sufficiently robust to detect priming or suppression resulting from TCDD 

exposure. Forty-eight hours after LPS administration, brains were harvested and flash frozen 

for RT-qPCR.

2.3. Histology

For quantification of microglia density, distribution, and morphology, brains were harvested 

24 h after mice received IP injection of LPS or saline, as alterations in the microglial 

transcriptome and increased expression of microglial pro-inflammatory markers can be 

detected after 24 h [25,26]. All mice were first deeply anesthetized using Euthasol, perfused 

intracardially with 0.1 M PBS with heparin and 4% paraformaldehyde. Brains were removed 

and coronal sections including primary visual cortex (V1) were taken at 50 μm thickness 

using a standard freezing microtome.
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Sections were processed free-floating at room temperature (RT), except where noted. 

Briefly, sections were rinsed in 0.1 M PBS, incubated in a 10 mM sodium citrate buffer at 80 

°C for 30 min, and brought to RT before rinsing in 0.1 M PBS. Sections were then incubated 

in a peroxidase block (10 % Methanol, 30 % Hydrogen Peroxide) for 20 min, 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 h 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 min and subsequently incubated for 4 h in secondary 

antibody (1:500 donkey anti-rabbit Alexa Fluor 488, Invitrogen, Catalogue# A21206; 0.5 % 

BSA). Sections were mounted onto slides and fluorescence preserved with Prolong Gold 

Mounting Media (Invitrogen; #P36934).

2.4. Image analysis

Following histological processing, V1 sections (3 per animal) were imaged using a standard 

confocal microscope (Zeiss LSM 510 META) at 20× and 40× (objective magnification) at a 

digital scan resolution of 1024 by 1024 pixels. Image analysis was performed offline in 

ImageJ (freeware, NIH) on max intensity z-projected stacks.

Microglial Density: V1 was identified using stereotactic coordinates (Paxinos, Elsevier). 

Each microglial cell body was identified, and the number of microglia and their X,Y 

positions were recorded. Cell density was calculated as number of microglia/mm2. Data 

points represent average cellular density per animal across three sections.

Microglial Spacing: X,Y positions 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. Data 

points represent average spacing per animal across three sections.

Microglial Morphology: Sholl Analysis was conducted with an automated ImageJ Sholl 

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

microglial process arbor complexity by quantifying the number of microglial processes at 

increasing distances from the soma. For quantitative analysis between groups, the maximum 

number of intersections was calculated, along with the full width at half maximum 

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

2.5. 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.

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 
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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 min, 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s 

and 60 °C for 1 min. Optimization of primer concentrations and primer efficiencies was 

carried out prior to the commencement of quantification experiments. 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 Methods) and measurements 

were normalized to the expression of two reference genes, Gapdh and β-actin. Primer 3 

software was used to design primers and sequences are listed in Table 1.

2.6. Statistical analysis

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

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

using α = 0.05. Two-way or three-way ANOVAs were used to determine significance with 

Bonferroni post hoc tests.

3. Results

Acute exposure to TCDD has been demonstrated to have a negative effect on the peripheral 

immune system [22], priming a defective response to an immune challenge [10]. To examine 

whether similar effects occur in the brain, we examined baseline microglial characteristics 

after we exposed adult mice to vehicle or TCDD (10 μg/kg) through oral gavage, an 

exposure paradigm that has been demonstrated to be immunosuppressive in the peripheral 

immune system [22]. Additionally, to determine whether TCDD dysregulated microglial 

responses to insult as it does peripheral immune responses [10,11], we treated the same mice 

with saline or LPS (0.75 mg/kg, IP) 24 h later, and harvested brains 24 h after the last 

treatment (Fig. 1A). Fixed sections were immunostained against the microglia-specific 

marker Iba1 and Iba1 positive microglia in primary visual cortex were assayed. Because the 

microglial response to pathological insult typically involves cell proliferation and clustering 

at the site of injury [27], we assayed both microglia density and spacing. Microglia appeared 

evenly distributed across the cortical region in all groups, and we found no significant effect 

of acute TCDD exposure or subsequent LPS treatment on the density or spacing of 

microglia (Fig. 1B–D). Additionally, given known sex-specific differences in microglial 

behavior both at baseline and in response to a pathological insult, we looked for sex-specific 

differences in density and spacing. We found no sex-specific treatment-induced differences 

in microglial response from either treatment, although there was a significant main effect of 

sex on microglial clustering but not density (Fig. 1B, E–F, three-way ANOVA, p = 0.0287, 

Bonferroni post hoc test, p > 0.05). It is important to note that our experiments were not 

powered to detect sex-specific differences, and these results are preliminary and will need to 

be replicated with a larger sample size. However, the study suggests that acute TCDD 

exposure does not cause a pathological proliferation of cortical microglia, nor does it prime 

them to respond adversely to a secondary insult as it does peripheral immune cells.
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While the lack of microglial proliferation and clustering indicates a lack of large scale 

TCDD-induced microglial activation, microglia activation exists on a spectrum and subtler 

morphological alterations can indicate a change in the state of microglial function. To 

determine whether acute TCDD exposure alone or with an LPS “second hit” impacted 

microglial morphology, we used Sholl analysis to assay microglial arbor complexity in 

either treatment alone or in combination (Fig. 2A). We found that compared to vehicle-

treated controls, adult mice with acute exposure to TCDD exhibit no significant differences 

in microglial process arbor complexity as assayed by comparing the height and width of the 

Sholl distributions (Fig. 2B,C,D). When comparing conditions combined with a “second hit” 

LPS treatment, we found an expected significant main effect of treatment with LPS, but no 

effect of TCDD on process ramification. While there is a significant reduction in the 

maximum number of intersections in the TCDD and LPS combined condition when 

compared to non-LPS exposed mice, this group is not significantly different than the vehicle 

and LPS combined condition, demonstrating the effect of LPS rather than TCDD on 

microglial morphology (Fig. 2B,C, two-way ANOVA, TCDD: p = 0.4635, LPS: p = 0.0007; 

Bonferroni post hoc test, p < 0.05). The full width at half maximum of the Sholl distribution 

remains similar across all groups (Fig. 2B, D). When the data was broken down by sex, the 

effect of LPS on process ramification was specific to males, with no sex-specific effect of 

TCDD (Fig. 2E,F,G, three-way ANOVA, TCDD: p = 0.6873, LPS: p = 0.0008, Sex * LPS: p 

= 0.0321, Bonferroni post hoc test, p < 0.05), demonstrating a sexually dimorphic microglial 

response to LPS which is not additionally affected by TCDD. These results suggest that 

acute TCDD exposure in adulthood does not cause overt changes in microglia 

morphological characteristics or inflammatory response.

To ensure that TCDD exposure caused AhR activation in the brain, we performed RT-qPCR 

to assay expression of the AhR downstream target genes Cyp1A1 and Ahrr. We found a 

significant increase in both Cyp1A1 and Ahrr across sex in both TCDD conditions, with no 

effect from LPS alone (note that a larger dose of 4 mg/kg was used in this cohort) and no 

interaction between TCDD and LPS (Fig. 3A,B, two-way ANOVA, Cyp1A1: TCDD: p < 

0.0001, LPS: p = 0.4785; Ahrr: TCDD: p < 0.0005, LPS: p = 0.0814), demonstrating that 

TCDD successfully activates AhR in this paradigm. To assay the molecular impact of TCDD 

exposure on microglial inflammatory state, we performed RT-qPCR for the pro-

inflammatory cytokines TNF-α, IL-6, and IL-1β. We found LPS induced a significant 

increase in all three cytokines across sex (Fig. 3C, two-way ANOVA, TNF-α: p < 0.0001; 

IL-6: p = 0.0009' IL-1β: p < 0.0001), while there was no effect of TCDD either alone or in 

combination with LPS (Fig. 3B), demonstrating that acute, adult TCDD exposure neither 

induces nor primes or suppresses the microglial inflammatory response. These results 

confirm at the molecular level our findings that TCDD exposure in adulthood does not cause 

overt changes in the microglial inflammatory response.

4. Discussion and conclusions

While the impact of TCDD on peripheral immune cells has been studied, it is still unknown 

how TCDD affects CNS immune cells. With their newly established dual role as mediators 

of both neuropathology and neurocognition [28], microglia are a likely substrate by which 

external toxic stimuli are converted into deficits in neuronal circuitry and, subsequently, 
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function. In this set of experiments, we asked whether acute exposure to TCDD negatively 

impacts microglial baseline characteristics and functional response to stimuli. Our results 

suggest that acute exposure to TCDD in adulthood is not sufficient to cause overt changes in 

microglial density, distribution or morphology indicative of pathological activation, nor does 

it induce cytokine expression or prime microglia to have an altered inflammatory response to 

a secondary insult. Given this contrast between the impact of acute TCDD exposure in the 

peripheral and central immune systems, our findings suggest that mature CNS immune cells 

may indeed enjoy the benefit of a privileged immune environment which buffers the impact 

of external toxic stimuli such as TCDD.

4.1. Impact of acute TCDD exposure on microglia as compared to peripheral immune 
cells

While in the periphery acute TCDD exposure induces both direct effects on peripheral 

immune cell development [8] and indirect effects on peripheral immune cell response to 

pathogens [29], we observed neither direct nor indirect effects on microglia in this study, 

despite the fact that the exposure paradigm activated AhR target genes in the brain. This 

suggests a disparate susceptibility to TCDD insult of the central vs. peripheral immune 

system. The lack of an acute, adult TCDD exposure effect on microglia characteristics and 

function could be a result of the immune-privileged status of the brain. Although adult 

microglia express AhR [17] and TCDD crosses the BBB [30], the efficiency of TCDD 

penetration into the brain is low [30] and as a result microglia in the adult brain may be 

buffered from exposure to the levels of TCDD seen by peripheral cells or may be 

intrinsically less sensitive to such exposure.

While our results suggest a contrast between peripheral and central immune cell 

susceptibility to outside insult once established as a mature immune system, these two 

systems may be similar in that the level of susceptibility is dependent on age of exposure. 

While there was no overt defect in microglia as a result of exposure in adulthood, a time 

point when microglia are established within the confines of the BBB, they may be more 

susceptible earlier on before this protected environment has been established [31–34]. There 

is increasing evidence that microglia undergo a critical period of development during and 

shortly after gestation, prior to microglial migration into the brain and BBB formation 

[35,36]. The alignment of this critical developmental period and the absence of the 

protective environment of the BBB renders them especially vulnerable to outside insult. This 

concept, combined with the demonstrated absence of TCDD-induced microglial defect in 

adulthood, is consistent with peripheral immune literature suggesting that gestational TCDD 

exposure is more toxic to peripheral immune cells than adult TCDD exposure [22]. 

Disruption of the standard microglial developmental program during early life could lead to 

long term alterations in function later in life. This is supported by recent research 

demonstrating that microglial development is in fact susceptible to environmental 

perturbations during gestation, resulting in altered microglial transcriptomes postnatally 

[36].
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4.2. Sex-dependent effects of TCDD exposure on microglial behavior

While sex-dependent effects in microglia are only beginning to be revealed, recent research 

suggests that microglia respond differently to environmental insults in male vs. female 

animals [37]. Our results confirm this, as we found a sexually dimorphic microglial response 

to moderate-dose LPS treatment in adult mice which normalized with higher dose LPS 

exposure, although the power of this analysis is limited by sample size. However, the male-

specific sensitivity to lower levels of LPS aligns with recent research demonstrating that 

microglia from male adult mice have a more inflammatory phenotype in response to LPS 

treatment while those from female mice have a more protective phenotype [38]. While sex-

dependent effects on the toxicity phenotype of TCDD have also been demonstrated [39], we 

did not find evidence of sex-specific effects of TCDD exposure on microglia in regards to 

the baseline characteristics and inflammatory insults assayed here. This is not surprising as 

sex-dependent differences in the effects of TCDD exposure vary based on many factors such 

as organ or brain region, model organism, age, and time. These factors also influence the 

heterogeneity of microglia phenotypes, leading to similar variability in sex-dependent 

differences in their susceptibility to toxicants such as TCDD [36,40]. Our findings 

underscore the importance of additional research to elucidate critical periods of microglial 

developmental and sexual differentiation that would clarify windows of susceptibility to 

environmental insults and identify candidate periods of therapeutic intervention.

4.3. Conclusions and future outlook

Our findings are encouraging as they suggest that several critical baseline characteristics of 

microglial pathological and physiological functions are not drastically altered by peripheral 

exposure to TCDD. However, while we did not see overt microglial responses or priming 

after acute exposure in adulthood, subtler or potentially region-specific TCDD-induced 

microglial deficits and their impacts on cognition need to be examined as do more prolonged 

exposures to TCDD. More so, while microglia appear protected from the negative impact of 

peripheral exposure to environmental toxins once established within the confines of the 

BBB, it will be critical to examine how microglia may be harmed by exposure to such 

insults during gestation and postnatal periods as they are navigating the critical period of 

microglial development.
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Fig. 1. 
Acute TCDD exposure does not affect microglia density and distribution, alone or in 

combination with LPS exposure. (A) Timeline of acute exposure to TCDD and LPS. (B) 
Representative images showing Iba1+ microglia in binocular primary visual cortex of 

C57Bl/6 J mice acutely exposed to vehicle or TCDD followed by acute exposure to saline or 

LPS. Scale bar =50 μm. (C,D) There is no significant difference in microglia density or 

distribution in binocular primary visual cortex across treatment groups. (E,F) There is no 

sex-specific effect of either treatment on microglial density or distribution across treatment 
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groups, although there is a significant main effect of sex on microglial distribution (p > 

0.05).
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Fig. 2. 
Acute TCDD exposure does not affect microglial baseline morphology, alone or in 

combination with LPS exposure. (A) Representative images of Iba1+ microglia in binocular 

primary visual cortex in C57Bl/6 J mice acutely exposed to vehicle or TCDD followed 24 h 

later by saline or LPS (0.75 mg/kg) treatment. Scale bar =20 μm. (B) Both vehicle and 

TCDD acute exposure groups appear to have less complex microglial process arbors after 

LPS treatment. (C) Microglia process ramification is reduced by LPS treatment. Microglia 

exposed to TCDD and LPS in combination had significantly fewer maximum process 

intersections than those exposed to vehicle or TCDD alone, but did not differ significantly 

from the LPS control condition (n = 4–6 per group, *p < 0.05) (D) Microglia exhibit no 

difference in the width of the Sholl distribution across conditions. (E,F,G) Process arbor 

complexity is affected by LPS treatment only in males, as the height but not width of the 

Sholl distribution is decreased after combined TCDD and LPS exposure while not differing 

from LPS controls (n = 2–5 per group, *p < 0.05).
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Fig. 3. 
Acute TCDD exposure does not affect cytokine expression, alone or in combination with 

LPS exposure. (A) Timeline of acute exposure to TCDD and LPS. (B) RT-qPCR shows 

upregulation of AhR downstream target genes Cyp1A1 and Ahrr following TCDD exposure 

with no effect of sex (n = 6 per group, ****p < 0.0001, ***p < 0.0005, **p < 0.005). (C) 
RT-qPCR demonstrates LPS-induced upregulation of TNF-α, IL-6, and IL-1β but no effect 

Lowery et al. Page 14

Neurosci Lett. Author manuscript; available in PMC 2022 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of TCDD exposure or sex (****p < 0.0001; IL-6: ***p < 0.001, **p < 0.005). Graphs show 

individual data points as well as mean ± SEM.
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