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a b s t r a c t

Environmental chemical exposures during critical windows of development may contribute to the
escalating prevalence of obesity. We tested the hypothesis that prenatal exposure to diesel exhaust
particles (DEP), a primary component of air pollution, would prime microglia long-term, resulting in
exacerbated metabolic and affective outcomes following exposure to a high-fat diet in adulthood.
Time-mated mouse dams were intermittently exposed to respiratory instillations of either vehicle
(VEH) or DEP throughout gestation. Adult male and female offspring were then fed either a low-fat diet
(LFD) or high-fat diet (HFD) for 9 weeks. The male offspring of DEP-exposed dams exhibited exaggerated
weight gain, insulin resistance, and anxiety-like behavior on HFD compared to the male offspring of VEH-
exposed dams, whereas female offspring did not differ according to prenatal treatment. Furthermore,
HFD induced evidence of macrophage infiltration of both adipose tissue and the brain in both sexes,
but these cells were more activated specifically in DEP/HFD males. DEP/HFD males also expressed mark-
edly higher levels of microglial/macrophage, but not astrocyte, activation markers in the hippocampus,
whereas females exhibited only a suppression of astrocyte activation markers due to HFD. In a second
experiment, DEP male offspring mounted an exaggerated peripheral IL-1b response to an LPS challenge
at postnatal day (P)30, whereas their central IL-1b response did not differ from VEH male offspring, which
is suggestive of macrophage priming due to prenatal DEP exposure. In sum, prenatal air pollution
exposure ‘‘programs’’ offspring for increased susceptibility to diet-induced metabolic, behavioral, and
neuroinflammatory changes in adulthood in a sexually dimorphic manner.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

A growing number of environmental chemicals have been
implicated as potential contributors to the global obesity epidemic,
as changes in diet and exercise alone may not fully account for the
escalating prevalence of obesity over the past 2 decades (Grün and
Blumberg, 2009; Keith et al., 2006). Prenatal exposures to these
environmental chemicals, or so-called ‘‘obesogens’’, during critical
windows of development may be especially important for shifting
the set point of multiple homeostatic systems, which can have sig-
nificant consequences for adult physiology and behavior through-
out the lifespan, a concept known generally as ‘‘fetal
programming’’ (Heindel and vom Saal, 2009; Lawlor and Chaturv-
edi, 2006). Air pollution, one of the most relevant and pervasive

environmental toxins in the modern world, is gaining recognition
as a candidate obesogen. For example, maternal exposure to air
pollution during pregnancy is associated with childhood obesity
in humans (Rundle et al., 2012). Furthermore, maternal exposure
to diesel exhaust in mice exacerbates weight gain in offspring fol-
lowing exposure to a high-fat diet in adulthood (Bolton et al.,
2012). The mechanisms by which this long-term programming of
metabolic set points occurs remains unclear, but a large body of
evidence suggests it critically involves both central and peripheral
inflammation, which can lead to endocrine disruption, changes in
adipose tissue development, and long-term neuroendocrine and
neuroimmune dysregulation (Heindel and vom Saal, 2009; Das,
2007; Dahlgren et al., 2006). Chemicals such as environmental
estrogens, polycyclic aromatic hydrocarbons, and particulate mat-
ter found in air pollution have all been linked to inflammation (Jin
et al., 2010; Burchiel and Luster, 2001; van Eeden et al., 2001).

Obesity is well-characterized as a disease of low-grade systemic
inflammation that involves proinflammatory cytokine production
and macrophage infiltration in adipose tissue (Cancello and
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Clement, 2006), which ultimately results in insulin resistance via
toll-like receptor 4-dependent signaling (Kennedy et al., 2009;
Shi et al., 2006). In addition to its peripheral effects, obesity also
impacts central immune signaling and neuroinflammation.
Specifically, saturated fatty acids in high-fat diets (HFD) activate
microglia directly via toll-like receptor 4 (TLR4), which is critical
for HFD-induced cytokine release and the subsequent development
of insulin resistance in adult rats (Milanski et al., 2009). In our pre-
vious report, the increased weight gain in mice exposed prenatally
to diesel exhaust followed by high fat diet in adulthood was
accompanied by increased microglial antigen expression in the
hypothalamus, amygdala, and hippocampus that may indicate a
long-term change in microglial function or ‘‘priming’’ (Bolton
et al., 2012). In agreement with this hypothesis, mechanistic
studies have indicated that diesel exhaust, a major component of
air pollution, activates and primes microglia in adult rats via a
CD11b-dependent mechanism (Levesque et al., 2013, 2011).
However, it remains unknown whether these adverse effects of
prenatal air pollution and obesity are driven by brain-intrinsic
inflammatory signals (i.e., from microglia), or peripheral inflamma-
tory signals (i.e., from infiltrating macrophages) acting on the brain
– a question which the current study seeks to address.

We tested the hypothesis that exposure to air pollution during
fetal development would prime microglia long-term, such that
later exposure to a high-fat diet would result in exacerbated ad-
verse outcomes, specifically for body weight regulation as we have
observed previously, as well as for affective behavior. Obesity is
associated with higher rates of affective disorders (Simon et al.,
2006), and prenatal exposure to air pollution, beyond its associa-
tion with childhood obesity, is also associated with cognitive diffi-
culties and mood dysregulation in early childhood (Lovasi et al.,
2013; Perera et al., 2012), further highlighting the inextricable link
between physical and mental health. We also sought to determine
if sex differences in the degree of adverse outcomes following pre-
natal DEP exposure would continue from what we have observed
in previous studies, which indicated that males were more vulner-
able than females (Bolton et al., 2013, 2012). To this end, we ex-
posed time-mated mouse dams to intermittent respiratory
instillations of either vehicle (VEH) or diesel exhaust particles
(DEP) throughout gestation. In the first experiment, adult male
and female offspring were fed either a low-fat diet (LFD) or high-
fat diet (HFD) for 9 weeks and assessed for behavioral, metabolic,
and neuroimmune changes. In the second experiment, postnatal
day (P)30 male and female offspring were injected with saline
(SAL) or lipopolysaccharide (LPS) and assessed for both central
and peripheral interleukin (IL)-1b response in order to assess the
inflammatory output of microglia vs. peripheral immune cells
and their potential priming by prenatal DEP exposure, prior to
adult diet manipulation.

2. Methods

2.1. Animals

Adult male and female C57BL/6 mice were obtained from
Charles River Laboratories (Raleigh, NC, USA) and housed in indi-
vidually ventilated, microisolator polypropylene cages with spe-
cialized bedding (Alpha-Dri; Shepherd Specialty Papers, Milford,
NJ, USA; used to avoid exposure to potentially confounding anti-
gens that can be found in typical bedding) and ad libitum food
(PicoLab Mouse Diet 5058; Lab-Diet, Philadelphia, PA, USA) and fil-
tered water. The colony was maintained at 22 �C on a 12:12-h
light–dark cycle (lights off at 9 AM). Following acclimation to lab-
oratory conditions for 1 week, males were paired with 2 females
each for timed mating, for a maximum of 2 weeks. Females were

examined twice daily for evidence of a vaginal plug [confirmation
of successful mating, considered to be embryonic day (E)0], at
which point they were separated from the male and housed with
another pregnant female. Females were bred in two separate co-
horts (n = 12 dams for cohort 1, n = 8 dams for cohort 2), and each
cohort was used for a separate experiment: (1) prenatal VEH or
DEP exposure followed by LFD or HFD exposure for 9 weeks in
adulthood, and (2) prenatal VEH or DEP exposure followed by
SAL or LPS injections on P30 and sacrifice 2 h later. All experiments
were conducted with protocols approved by the Duke University
Animal Care and Use Committee.

2.2. DEP exposures

Beginning on E2, time-mated females were lightly anesthetized
with 2% isoflurane for �1 min and treated with DEP via oropharyn-
geal aspiration (the method and detailed analysis of DEP have been
previously described) (Bolton et al., 2013; Auten et al., 2012). Fe-
males received 50 lg DEP suspended in 50 ll vehicle (DEP group;
n = 5 dams from cohort 1, n = 3 dams from cohort 2) or vehicle
alone (VEH group; n = 7 dams from cohort 1, n = 5 dams from co-
hort 2) every 3 days E2-E17 for a total of 6 doses, as a model of
intermittent exposure. This dose and route of delivery induces
maternal lung inflammation (e.g. leukocyte infiltration) compara-
ble to levels observed following intermittent maternal inhalation
of diesel exhaust at environmentally relevant concentrations
(Auten et al., 2012). Moreover, both routes of delivery result in
similar levels of particle deposition within the lung (Foster et al.,
2001). Importantly, the oropharyngeal aspiration technique used
in this study yielded a similar weight gain phenotype to that of
our previous study, which utilized chamber inhalation of diesel
exhaust at the U.S. Environmental Protection Agency (Bolton
et al., 2012). This replication suggests that inflammation occurring
in utero rather than route of exposure is the critical variable for the
offspring outcomes we are assessing.

2.3. Pup weights

All animals included in this study were delivered spontaneously
on gestational days 18–21 (with the day of birth defined as P0).
Dams were weighed at E17 prior to the final DEP exposure, and
again following the weaning of their pups at P28. Pups were
weighed and sexed on P1 (n = 13–21/group/sex, 3–5 litters/group
represented from cohort 2), P9, P19, and P28 (n = 27–42/group/
sex, 8–12 litters/group represented from both cohorts). Offspring
were weaned at 4 weeks of age into clean cages of 2–5 same-sex
siblings, and provided ad libitum access to standard chow and fil-
tered water.

2.4. Maternal care observations

We observed dams with their litters P2–P9 once daily: cohort 1
was observed during the dark cycle (5–6 PM), and cohort 2 was ob-
served during the light cycle (8–9 AM). During each session, we
scored dams (n = 3–6/group for cohort 1; n = 3–5/group for cohort
2) for ‘on nest’, nursing, and licking and grooming (LG) behavior
every 5 min for 1 h (Myers et al., 1989). As previously described,
the frequency of occurrence for some of the behaviors (particularly
LG) was rare, so we summed data for each behavior across all 8
observation sessions and calculated a percent of time spent per-
forming each behavior for each dam. We took care not to disturb
dams during observation sessions, and changed their cages only
upon completion of the final observation on P9.
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2.5. Experiment 1: prenatal DEP exposure and adult HFD

2.5.1. Adult diets and food intake
Adult male (n = 34) and female (n = 40) offspring 4–5 months of

age from cohort 1 were given either: (1) a low-fat diet [LFD; 20% of
calories from protein, 70% from carbohydrate, and 10% from fat
(44:56% lard: soybean oil); Research Diets, New Brunswick, NJ,
USA, cat. no. D12450B], or (2) a choice between the LFD and a
high-fat diet (50 g of each, divided into alternate sides of the food
hopper) [HFD; 20% protein, 35% carbohydrate, and 45% fat (88:12%
lard: soybean oil); Research Diets D12491], resulting in n = 7–10
animals/group/sex. Half of the offspring of each sex from each litter
were assigned to LFD, and half were assigned to the diet choice,
thus allowing within-litter comparisons between diets. The LFD
provided 3.85 kcal/g, and the HFD provided 4.73 kcal/g. All other
nutritional parameters of the two diets were identical. The com-
plete nutritional profiles of each diet are available online (http://
www.researchdiets.com). Animals were weighed immediately
prior to diet assignment, and housed in same-sex cages of 2–3 lit-
termates. After beginning the diet, the animals and their food were
weighed every 3 days at the same time each day (9–10 AM) for
9 weeks until sacrifice. Food consumption data was normalized
for the different energy content of the diets by converting grams
to kilocalories of food consumed and was divided by the number
of animals in the cage. Of the animals that were given a choice be-
tween diets, all of the animals consumed the HFD almost exclu-
sively; thus these animals will be referred to simply as HFD.

2.5.2. Open field activity testing
Adult offspring were tested for baseline activity in the open

field the day before diet assignment, as well as weekly thereafter
at the same time each week for 8 weeks of diet (not on the week
of sacrifice). Animals were tested in groups of four, each within
its own open field, with only one sex in the testing room at one
time. Tests lasted 30 min during the animals’ dark cycle between
10 AM and 5 PM. The open field apparatus consisted of four cus-
tom-made black Plexiglas boxes (each 40 cm � 45.1 cm � 34.9 cm)
elevated on a gray platform approximately 53 cm off the ground,
with a camera attached to the ceiling overhead, positioned to re-
cord four mice in the four distinct enclosures of the apparatus at
once. ANY-maze video tracking software (Stoelting Co., Wood Dale,
IL, USA) was used to track the movement of each mouse, and dis-
tance traveled (m) by each animal during the test was used as a
measure of activity level. The apparatus was cleaned between ani-
mals with QTB disinfectant (Caltech Industries, Inc., Midland, MI,
USA) followed by water. The estrous cycle of the female mice
was monitored following each behavioral test; however, the fe-
males’ stage of estrous cycle did not significantly affect their
behavior in any of the tests (data not shown).

2.5.3. Elevated zero-maze anxiety testing
Adult offspring were tested for baseline anxiety levels in the

elevated zero-maze 1–2 weeks before diet assignment, and subse-
quently following 4 weeks of diet. We adapted a method that mea-
sures time spent in the closed vs. open arms of a circular maze and
is widely used as a test for anxiety-like behavior in rodents (Shep-
herd et al., 1994). The maze has an elevated (49.5 cm high) circular
lane (4.5 cm wide) divided into four quadrants. Two opposite
quadrants are enclosed by walls (15.9 cm high), whereas the
remaining two quadrants are left exposed. Each mouse was placed
onto the center of an open arm and was scored for the total time
they spent in the closed arms out of 5 min and the total number
of head dips (an exploratory behavior) they performed over the
side of the open arm. An increase in time spent in the closed arms
and a reduced number of head dips are indicative of increased

anxiety (Shepherd et al., 1994). The maze was cleaned between
animals with 70% ethanol followed by water.

2.5.4. Insulin sensitivity testing
Following 5 weeks of diet, adult offspring were assessed for

blood glucose reductions after insulin challenge as a measure of
insulin sensitivity. In order to assess the basal metabolic state, ani-
mals were fasted for 6 h prior to receiving an i.p. injection of insu-
lin (0.75 U/kg; Humulin R; Eli Lilly, Indianapolis, IN, USA) (Holland
et al., 2011). Whole-blood glucose was assessed using a glucometer
(TRUE2go; CVS Pharmacy, Inc., Woonsocket, RI, USA) at 0, 30, 60,
and 120 min post-insulin injection, and the data are expressed as
a percentage of the baseline levels (0 min) (McClung et al., 2004).
Additionally, fasting insulin levels were measured in serum col-
lected immediately prior to insulin injection using a commercially
available enzyme-linked-immunosorbent assay (ELISA) kit (Crystal
Chem, Inc., Downers Grove, IL, USA).

2.5.5. Tissue collection
On week 9 of the diet, mice were deeply anesthetized with a

ketamine/xylazine cocktail (430 mg/kg ketamine; 65 mg/kg xyla-
zine i.p.) and transcardially perfused with ice-cold saline for
2 min to clear brains of blood. Approximately 100 mg sections of
epididymal fat pads were collected from each animal just prior
to perfusion and snap-frozen for later quantitative real-time PCR
(qRT–PCR) analysis. Brains were rapidly extracted and dissected
into hypothalamus (HYP) and hippocampus (HIPP) on ice. These
regions were selected for their known roles in metabolism, as well
as mood regulation (Davidson et al., 2007; Kishi and Elmquist,
2005). Tissue collections were spread across week 9 of the diet
so that the HYP and HIPP (n = 3/group/sex/brain region) could be
processed and stained for flow cytometry analysis of cellular com-
position (maximum of 8 samples/day to minimize time for tissue
processing prior to fixation, for a total of 6 days, with one sample
from each group and sex per day). In addition, the isolated HIPPs
from 4 to 6 animals/group/sex were snap-frozen and stored at
�80 �C for later qRT–PCR analysis. Animals included in each group
for each of the different applications were selected in order to best
represent the average weight of that group, and in order to include
only 1–2 animals/sex/litter in each group. All tissue collection oc-
curred during the dark cycle between 9 AM and 11 AM.

2.5.6. qRT–PCR
Total RNA was isolated from frozen HIPP or fat samples using

TRIzol (Chomczynski and Sacchi, 1987), and cDNA was synthesized
from 100 ng of RNA using the QuantiTect reverse transcription kit
(Qiagen, Inc., Valencia, CA, USA). Quantitative real-time PCR (qRT–
PCR) was performed using a QuantiFast SYBR Green PCR kit (Qia-
gen) on a Mastercycler ep realplex (Eppendorf, Hauppauge, NY,
USA). For each reaction, 1 ll of cDNA was added to 12 ll of master
mix containing specific primers for the gene of interest. Primers for
CD11b and CX3CR1 were purchased from Qiagen, and we designed
primer pairs for OAZ-1, TLR4, GFAP, and CCR2 (see Table 1) as pre-
viously described (Williamson et al., 2011). Designed primers were
obtained from Integrated DNA Technologies, Inc. (Coralville, IA,
USA). Optimal annealing temperatures for each primer pair were
determined by running a temperature gradient, and specificity
was verified by melt-curve analysis. We selected OAZ-1 as a novel
housekeeping gene because we have found it to be more stably ex-
pressed than traditional housekeeping genes like GAPDH in re-
sponse to our treatments (de Jonge et al., 2007). Threshold cycle
(CT) was determined for each reaction, and relative gene expres-
sion was calculated using the 2�DDCt method (Williamson et al.,
2011; Livak and Schmittgen, 2001; Pfaffl, 2001).
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2.5.7. Flow cytometry
Immediately following tissue collection, dissected brain regions

(HYP or HIPP) were brought to a single-cell suspension and demye-
linated using Miltenyi’s neural tissue dissociation kit (P) and
anti-myelin microbeads (Miltenyi Biotec, Inc., Auburn, CA, USA)
as previously described (Williamson et al., 2011). Demyelinated
cells were washed once in PBS and centrifuged at 350g for 5 min,
after which the PBS was decanted. Cells were incubated with 5 ll
anti-mouse Fc receptor block (CD16/CD32; BioLegend, San Diego,
CA, USA) for 5 min at 4 �C, followed by incubation for 20 min at
4 �C in 100 ll of antibody mixture, containing phycoerythrin-cya-
nine dye 5 (PECy5)-conjugated anti-mouse CD11b and allophyco-
cyanin (APC)-conjugated CD45.2 (eBioscience, Inc., San Diego, CA,
USA), both diluted 1:500. Cells were washed in 2 ml PBS supple-
mented with 0.5% BSA and 2 mM EDTA, spun down at 350g, and
fixed in 200 ll 1.5% paraformaldehyde before analysis using a
FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA)
and FlowJo software (TreeStar, Inc., Ashland, OR, USA). For each
sample, 10,000 events were collected and doublets, debris, and
dead cells were excluded from the analysis based on properties
of cell size and granularity (forward scatter and side scatter).

2.6. Experiment 2: prenatal DEP exposure and P30 SAL/LPS injections

2.6.1. Injections
P30 offspring (n = 6–8/group/sex from cohort 2) received an i.p.

injection of either sterile saline or 165 lg/kg LPS derived from
Escherichia coli (serotype 0111:B4; Sigma, St. Louis, MO, USA) be-
tween 8 AM and 10 AM, and blood and brain tissues were collected
2 h later. This dose and time point were selected based on previous
studies (Bilbo et al., 2005; Godbout et al., 2005) and initial pilot
experiments from our lab demonstrating mild sickness behavior
and a robust but submaximal IL-1b response under these condi-
tions in the brains of control mice (unpublished data). Animals
were anesthetized and perfused as above, and brains were rapidly
extracted and dissected into hypothalamus (HYP), prefrontal cor-
tex (PFC), hippocampus (HIPP), and parietal cortex (PCX) on ice.
These brain regions were selected for their known roles in the cog-
nitive and affective behaviors that we have observed to be affected
by DEP in previous studies (Bolton et al., 2013). Dissected regions
were pooled prior to homogenization for each animal in order to
obtain enough total protein for cytokine analysis as previously de-
scribed (Bolton et al., 2013), then snap-frozen and stored at �80 �C
until processing. Blood was centrifuged at 16,100g at 4 �C for
10 min, and serum was removed and stored in microcentrifuge
tubes at �20 �C until assayed.

2.6.2. IL-1b ELISA
Brain samples were homogenized and sonicated in a 50 mM

TRIS buffer (pH 7.5) containing 10% glycerol, 0.1 mM EDTA, and
1 mM dithiothreitol (DTT), then lipid-depleted and normalized to
total protein (400 lg/well) in calibration buffer as previously de-
scribed (Bolton et al., 2013). IL-1b was measured from the superna-
tant using a commercially available ELISA kit (R&D Systems,
Minneapolis, MN, USA). Serum was run in a 1:5 dilution with cal-
ibration buffer as previously described (Bilbo and Tsang, 2010). The
detection limit for the assay was 1 pg/ml and the intra-assay and
inter-assay coefficients of variation were <10%.

2.7. Data analysis

All data were analyzed with SPSS statistical software (IBM, Ar-
monk, NY, USA). For ELISA analyses, samples that had undetectable
levels of IL-1b were assigned a value of half the lowest detectable
value in the assay (Thompson et al., 2012). Litter effects were con-
trolled for by using pups from multiple litters per treatment group.
Moreover, analyses using litter as a variable failed to find any sig-
nificant interactions of litter with the variables under study. Mater-
nal care observations were analyzed with 2-way ANOVAs
(DEP � Time of day observed), and maternal weights, litter size,
and sex ratio were analyzed with independent t-tests. Two-way
(Sex � DEP) ANOVAs were used to analyze pup weights and base-
line behavioral measures. Three-way (Sex � DEP � HFD) repeated-
measures (time on diet) ANOVAs were used to assess changes in
weight, food consumption, and activity levels over the course of
the diet, and three-way repeated measures (time post-injection)
ANOVAs were also used to assess changes in blood glucose
following insulin injection during the insulin sensitivity test. For
repeated-measures ANOVAs, a Huynh–Feldt correction for spheric-
ity was applied to all reported p-values. Three-way univariate
(Sex � DEP � HFD) ANOVAs were used to assess total weight gain,
total food consumed, and total distance traveled over the diet, as
well as peak glucose response to insulin injection, as a means to
address overall between-subjects differences. Four-way (Brain
Region � Sex � DEP � HFD) ANOVAs were used to analyze flow
cytometry data of HYP and HIPP. Three-way (Sex � DEP � HFD or
Sex � DEP � LPS) ANOVAs were used to analyze all other data from
offspring in Experiment 1 and 2. Significant interactions with sex
justified subdivision of the data by sex for further analysis with
separate 2-way (DEP � HFD or DEP � LPS) ANOVAs for males and
females to identify sex-specific effects, and significant 2-way inter-
actions within each sex were subsequently followed up with post
hoc comparisons (Tukey’s HSD) to identify group differences. For
complex factorial ANOVAs, only the highest-order significant inter-
actions are reported because they qualify all of the lower-order
effects. All differences were considered statistically significant if
p < 0.05.

Table 1
Forward and reverse primer sequences for qRT-PCR.

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

OAZ-1 gctgtagtaacctgggtccg gtcacattcagccgctcgtc
TLR4 cagcagaggagaaagcat caccaggaataaagtctctg
GFAP tggagagaaaggttgaatcg gtattgagtgcgaatctctc
CCR2 gttacctcagttcatccacg gacaaggctcaccatcatc

Table 2
Maternal care, litter characteristics, maternal weights, and pup weights by prenatal
treatment. All values are mean ± SEM.

Measure VEH DEP

Maternal care
% Time on nest, light 84.58 ± 3.67% 89.24 ± 1.39%
% Time on nest, dark 60.24 ± 9.08% 67.71 ± 11.46%
% Time nursing, light 58.96 ± 3.59% 54.86 ± 0.92%
% Time nursing, dark 44.44 ± 6.73% 52.57 ± 10.49%
% Time LG, light 10.83 ± 1.21% 15.97 ± 2.11%
% Time LG, dark 12.33 ± 1.87% 10.76 ± 3.31%

Litter characteristics
Litter size 7.08 ± 0.54 7.63 ± 0.63
Sex ratio (% males) 51.40 ± 4.18% 42.88 ± 8.16%

Maternal weights
E17 weight (g) 36.02 ± 0.84 36.04 ± 1.05
P28 weight (g) 28.83 ± 0.65 28.06 ± 0.79

Pup weights
P1 male weight (g) 1.42 ± 0.03 1.42 ± 0.03
P1 female weight (g) 1.36 ± 0.03 1.33 ± 0.03
P9 male weight (g) 5.14 ± 0.16 5.29 ± 0.12
P9 female weight (g) 5.25 ± 0.14 5.09 ± 0.12
P19 male weight (g) 8.45 ± 0.27 9.00 ± 0.19
P19 female weight (g) 8.65 ± 0.24 8.55 ± 0.20
P28 male weight (g) 17.28 ± 0.39 18.31 ± 0.38
P28 female weight (g) 16.05 ± 0.24 16.23 ± 0.17
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3. Results

3.1. Maternal care and pup weights do not differ between prenatal
treatment groups

There were no significant differences between the VEH and DEP
groups in any of the maternal behaviors we observed (Table 2);
however, we did observe significantly greater time spent on the
nest overall during the light cycle vs. the dark cycle [main effect
of Time of Day, F(1,13) = 7.47, p < 0.05], consistent with previous
studies (Champagne et al., 2003). Importantly, there were no sig-
nificant differences in litter size or sex ratio due to prenatal treat-
ment (Table 2), in agreement with our previous work (Bolton et al.,
2013), nor were there significant differences in maternal weights
during (E17) or after pregnancy (at weaning; Table 2). Further-
more, birth weights of VEH and DEP pups did not significantly dif-
fer (Table 2), although male pups were significantly heavier than
female pups [main effect of Sex, F(1,57) = 5.48, p < 0.05], consistent
with previous studies (Williams et al., 1982). P9 and P19 pup
weights did not exhibit any significant differences (Table 2), and
weaning weights on P28 exhibited only a significant sex difference
[main effect of Sex, F(1,129) = 65.40, p < 0.001].

3.2. Experiment 1: prenatal DEP exposure and adult HFD

3.2.1. DEP male offspring gain more weight than VEH male offspring
on HFD, whereas DEP and VEH female offspring gain similar amounts
of weight on HFD

Prior to diet assignment, there were no significant differences in
adult body weight between any of the groups within males and fe-
males, although males did weigh significantly more than females,
as at P28 [main effect of Sex, F(1,70) = 193.65, p < 0.001; Fig. 1A].
By Day 3 of the diet, HFD animals already weighed significantly
more than LFD animals [main effect of HFD, F(1,66) = 11.01,
p < 0.005]. However, adult male offspring of DEP dams gained sig-
nificantly more weight over the course of the HFD than offspring of
VEH dams, whereas female DEP offspring did not differentially gain
weight on HFD [Time on Diet � Sex � DEP � HFD interaction,
F(4,296) = 2.36, p < 0.05; Fig. 1A]. Similarly, we also found that
DEP/HFD males had a significantly greater overall weight change
(final–initial weight) than all other groups by the end of the diet,
whereas HFD females gained more than LFD females, regardless
of prenatal treatment [Sex � DEP � HFD interaction,
F(1,66) = 4.91, p < 0.05; post hoc < 0.05; Fig. 1B].
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Fig. 1. (A) DEP male offspring gained weight on HFD at a faster rate than VEH male offspring (left), whereas DEP and VEH female offspring gained weight on HFD at the same
rate (right). (B) DEP male offspring gained more total weight on HFD than all other groups (left), whereas DEP and VEH female offspring gained similar amounts of weight.
Data are mean ± SEM, n = 7–10/group/sex. ⁄p < 0.05 vs. all other groups; #p < 0.05 vs. LFD groups; ##p < 0.05, HFD vs. LFD.
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3.2.2. Offspring on HFD consume more kilocalories than offspring on
LFD, regardless of DEP exposure and sex

Following diet assignment, animals given access to HFD con-
sumed significantly more kilocalories than animals on LFD,
although they quickly decreased their food intake over the first
week to steady-state levels that persisted over the remainder of
the diet [Time on Diet � HFD interaction, F(16,392) = 8.95,
p < 0.001; Fig. 2A]. Likewise, we also found that the total number
of kilocalories consumed over the diet was higher in the HFD
groups than the LFD groups, regardless of prenatal treatment and
sex [main effect of HFD, F(1,24) = 66.46, p < 0.001; Fig. 2B].

3.2.3. Male, but not female, offspring are less active on HFD than
offspring on LFD, regardless of DEP exposure

Prior to diet assignment, there were no significant differences in
activity levels in the open field between VEH and DEP groups,
although females were significantly more active than males overall
[main effect of Sex, F(1,70) = 31.41, p < 0.001; Fig. 3A]. Over the
course of the diet, HFD animals decreased their activity levels sig-
nificantly more than LFD animals, regardless of prenatal treatment
[Time on Diet � HFD interaction, F(5,331) = 5.56, p < 0.001], and
males tended to decrease their activity more than females [trend
for Time on Diet � Sex interaction, F(5,331) = 1.83, p = 0.1;
Fig. 3A]. Correspondingly, the total distance traveled over the
weekly open field tests by the end of the diet was significantly low-
er in HFD males than LFD males [main effect of HFD, F(1,30) = 8.44,
p < 0.01], whereas there were no significant differences among fe-
males [Sex � HFD interaction, F(1,66) = 4.59, p < 0.05; Fig. 3B].

3.2.4. DEP male, but not female, offspring are more anxious on HFD
At baseline, there were no significant differences in anxiety-like

behavior in the elevated zero-maze test between VEH and DEP
groups, although females spent significantly more time in the closed
arms than males overall [main effect of Sex, F(1,54) = 12.74,
p < 0.005; Fig. 4A and B]. However, after 4 weeks on the diet, DEP/
HFD males tended to spend more time in the closed arms than other
groups [trend for DEP � HFD interaction, F(1,24) = 3.65, p = 0.07],
whereas females did not exhibit any significant differences [Sex -
� DEP � HFD interaction, F(1,59) = 5.55, p < 0.05; Fig. 4C]. Further-
more, there was a similar pattern in the opposite direction for
head dips performed over the walls of the elevated zero-maze, in
that DEP/HFD males tended to be less exploratory than other groups
[main effect of DEP, F(1,24) = 8.28, p < 0.01; trend for main effect of
HFD, p = 0.08], whereas there were no significant differences among
females [Sex � DEP interaction, F(1,59) = 7.16, p < 0.05; Fig. 4D].

3.2.5. DEP male, but not female, offspring are more insulin resistant
and hyperinsulinemic on HFD than VEH offspring

Following insulin challenge at 5 weeks on the diet, HFD animals
exhibited an attenuated initial decrease in blood glucose compared
to LFD animals, which was followed by an increase back to baseline
levels by 2 h post-injection [Time Post-Injection � HFD interaction,
F(3,174) = 9.43, p < 0.001; Fig. 5A]. Interestingly, this effect was
more pronounced in HFD males than females [trend for Time
Post-Injection � Sex � HFD interaction; F(1,174) = 2.07, p = 0.1;
significant Time Post-Injection � Sex interaction, F(3,174) = 9.97,
p < 0.001; Fig. 5A]. Likewise, we found that at the time of peak glu-
cose response (30 min. post-insulin injection), DEP/HFD males
were significantly more insulin resistant than all other groups, as
they exhibited an increase in blood glucose in response to insulin,
instead of the expected decrease at this time point [DEP � HFD
interaction, F(1,24) = 7.06, p < 0.05, post hoc, p < 0.05], whereas
DEP/HFD females did not differ from VEH/HFD females [trend for
main effect of HFD, F(1,35) = 3.88, p = 0.06]. Furthermore, analysis
of fasting serum collected just prior to insulin injection revealed
that DEP/HFD males had significantly higher insulin levels than

all other groups [DEP � HFD interaction, F(1,29) = 6.81, p < 0.05;
post hoc, p < 0.005], whereas HFD females had only slightly higher
insulin levels than LFD females, regardless of prenatal treatment
[main effect of HFD, F(1,34) = 6.15, p < 0.05; Sex � DEP � HFD
interaction, F(1,63) = 7.97, p < 0.01; Fig. 5B].

3.2.6. HFD induces evidence of macrophage infiltration of the adipose
tissue, but only DEP/HFD males, not females, express higher levels of a
macrophage activation marker

At the end of 9 weeks of diet, CCR2 mRNA expression, a marker
of infiltrating macrophages in adipose tissue that is associated with
insulin resistance (Weisberg et al., 2006), was higher in the adipose
tissue of HFD groups than LFD groups, regardless of prenatal treat-
ment [main effect of HFD, F(1,63) = 36.18, p < 0.001], and was also
more highly expressed overall in males than females [main effect
of Sex, F(1,63) = 26.61, p < 0.001; Fig. 6A]. TLR4, an innate immune
receptor critical for the response to both environmental toxins and
high-fat diets (Milanski et al., 2009; Shi et al., 2006; Arbour et al.,
2000), followed a similar pattern as CCR2, exhibiting higher mRNA
expression in HFD animals than LFD animals [main effect of HFD,
F(1,62) = 21.43, p < 0.001] and higher overall mRNA expression in
males than females [main effect of sex, F(1,62) = 11.06, p < 0.005;
Fig. 6B]. There was also a tendency for TLR4 mRNA to exhibit a
synergistic effect of DEP and HFD, but only when the sexes were
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Fig. 2. (A) Offspring on HFD consumed more kilocalories than offspring on LFD,
although consumption decreased overall across the diet. (B) Total kilocalories
consumed over the 9 weeks of diet were overall higher in HFD groups than LFD
groups, regardless of prenatal treatment. Male and female consumption data are
combined here, due to a lack of sex differences. Data are mean ± SEM, n = 7–10/
group/sex. ##p < 0.05, HFD vs. LFD.
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combined [trend for DEP � HFD interaction, F(1,62) = 2.56, p = 0.1].
Furthermore, CD11b mRNA, a macrophage activation marker,
exhibited an additive effect of DEP and HFD in male offspring
[main effect of DEP, F(1,30) = 6.05, p < 0.05; main effect of HFD,
F(1,30) = 27.96, p < 0.001] and a tendency for a synergistic effect
[trend for DEP � HFD interaction, F(1,30) = 2.54, p = 0.1], as DEP/
HFD males had significantly higher CD11b mRNA expression than
all other groups (post hoc, p < 0.05; Fig. 6C). However, this pattern
failed to reach significance in females, as HFD females exhibited
higher CD11b mRNA expression than LFD females, regardless of
prenatal treatment [main effect of HFD, F(1,33) = 23.54,
p < 0.001], and this difference was of a lower overall amplitude
than that of males [Sex � HFD interaction, F(1,63) = 5.64,
p < 0.05; Fig. 6C].

3.2.7. DEP male, but not female, offspring on HFD express elevated
levels of microglial/macrophage activation markers in HIPP

At the end of 9 weeks of diet, DEP/HFD males expressed signif-
icantly higher levels of CD11b mRNA (used here as a microglial/
macrophage activation marker) in the HIPP than VEH/HFD males
[DEP � HFD interaction, F(1,15) = 4.65, p < 0.05; post hoc,
p < 0.05], whereas there were no significant differences among fe-
males [trend for Sex � DEP � HFD interaction, F(1,33) = 2.45,
p = 0.1; Fig. 7A]. Likewise, DEP/HFD males expressed significantly
higher levels of TLR4 mRNA in the HIPP than both the DEP/LFD

and VEH/HFD groups [DEP � HFD interaction, F(1,16) = 9.69,
p < 0.01; post hoc, p < 0.05], whereas there were no significant dif-
ferences among females [Sex � DEP � HFD interaction,
F(1,36) = 5.21, p < 0.05; Fig. 7B]. CX3CR1, the receptor for
CX3CL1/fractalkine and a specific marker for microglia in brain tis-
sue (Mizutani et al., 2012), followed a similar pattern, in that DEP/
HFD males had significantly higher levels of CX3CR1 mRNA than
VEH/HFD and VEH/LFD groups [trend for DEP � HFD interaction,
F(1,16) = 2.91, p = 0.1; post hoc, p < 0.05] whereas females showed
no significant differences [Sex � HFD interaction, F(1,36) = 4.31,
p < 0.05; Fig. 7C]. On the other hand, GFAP, an astrocyte activation
marker, did not follow the same pattern as the microglial/macro-
phage markers, as there were no significant differences among
males, whereas HFD decreased GFAP mRNA expression in females,
regardless of prenatal treatment [main effect of HFD,
F(1,18) = 4.46, p < 0.05; Fig. 7D].

3.2.8. HFD appears to cause a greater infiltration of peripheral
macrophages into HYP and HIPP, and these cells appear more
activated in the HYP of DEP/HFD male offspring

For flow cytometry analysis of cellular composition of the HYP
and HIPP at the end of 9 weeks of diet, cells were initially gated based
on forward and side scatter to obtain only single, live cells (Fig. 8A),
and subsequently were gated into CD11b + CD45low cells (parenchy-
mal microglia), CD11b + CD45high cells (infiltrating macrophages),
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Fig. 3. (A) Offspring on HFD decreased their activity levels over the 9 weeks of diet, whereas offspring on LFD did not. (B) Overall total distance traveled during the weekly
open field tests was lower in HFD males than LFD males, whereas females did not differ. Data are mean ± SEM, n = 7–10/group/sex. ##p < 0.05, HFD vs. LFD.
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and CD11b�CD45high (lymphocytes; Fig. 8B) (Parney et al., 2009;
Ford et al., 1995). This analysis revealed that 9 weeks of HFD caused
a significant increase in the percent of CD11b + CD45high cells found
in these brain regions, regardless of prenatal treatment or sex [main
effect of HFD, F(1,32) = 5.33, p < 0.05; Fig. 8C]. Of note, this result
only reached statistical significance when HYP and HIPP were ana-
lyzed together, although there were still trends for an effect of diet
when each brain region was analyzed separately [p’s = 0.1]. Also of
interest, the HIPP had an overall higher percentage of
CD11b + CD45high cells (2.80 ± 0.20%) than the HYP (2.07 ± 0.12%)
when expressed as a percent of all cells present in a sample [main ef-
fect of Brain Region, F(1,32) = 8.98, p < 0.01], whereas the HYP had
an overall greater percentage of CD11b + CD45high cells
(23.44 ± 1.17%) than the HIPP (13.31 ± 1.18%) when expressed as a
percent of all CD11b + cells (i.e., those of a myeloid lineage) present
in a sample. Importantly, we found that the CD11b + CD45high cells
in the HYP of DEP/HFD males had a significantly higher median fluo-
rescence intensity (MFI) of CD11b protein than DEP/LFD males,
whereas VEH/LFD and VEH/HFD males did not differ from each other
[DEP � HFD interaction, F(1,8) = 6.25, p < 0.05; post hoc, p < 0.05].
On the other hand, there were no significant differences among fe-
males [trend for Sex � HFD interaction, F(1,16) = 3.88, p = 0.07,
and trend for Sex � DEP � HFD interaction, F(1,16) = 2.24, p = 0.1;

Fig. 8D]. Furthermore, this result did not reach significance in
the CD11b + CD45low cells of the HYP (Fig. 8E), nor was this
pattern observed in the HIPP (data not shown). Analysis of the
CD11b�CD45high cells revealed that HFD caused a significant in-
crease in the percentage of lymphocytes in the HYP of females [main
effect of diet, F(1,8) = 7.49, p < 0.05], whereas there were no signifi-
cant differences in the HYP of males [trend for Sex � HFD interac-
tion, F(1,16) = 4.17, p = 0.06; Fig. 8F] or in the HIPP for either sex
(data not shown).

3.3. Experiment 2: prenatal DEP exposure and P30 SAL/LPS injections

3.3.1. DEP male offspring mount an exaggerated peripheral IL-1b
response to an LPS challenge, whereas their central IL-1b response
does not differ from VEH male offspring

Two hours following an LPS challenge, P30 DEP male offspring
had significantly higher levels of IL-1b in their serum than VEH male
offspring and both SAL-injected groups [DEP � LPS interaction,
F(1,19) = 5.16, p < 0.05, post hoc, p < 0.05], whereas DEP female off-
spring did not differ from VEH female offspring following LPS injec-
tion, despite an overall greater IL-1b response in females than males
that is consistent with previous studies (Darnall and Suarez, 2009;
Lynch et al., 1994) [main effect of LPS, F(1,19) = 95.23, p < 0.001;
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Fig. 4. (A) Prior to initiation of the diet, there were no differences in time spent in the closed arm of the elevated zero-maze between VEH and DEP groups. However, females
spent more time in the closed arm than males overall. (B) There were also no significant differences in head dips performed on the zero-maze prior to diet assignment. (C)
After 4 weeks on the diet, DEP/HFD males tended to spend more time in the closed arm than other groups, whereas females did not differ. (D) DEP/HFD males also tended to
perform fewer head dips as a result of an additive effect of DEP and HFD, whereas there were again no differences among females. Data are mean ± SEM, n = 7–10/group/sex.
##p < 0.05, HFD vs. LFD; ⁄⁄p = 0.07, trend for DEP � HFD interaction; ⁄p < 0.05, VEH vs. DEP; #p = 0.08, HFD vs. LFD.
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main effect of Sex, F(1,38) = 25.06, p < 0.001; Sex � LPS interaction,
F(1,38) = 29.02, p < 0.001; Fig. 9A]. Although there was a tendency
for females to display a pattern similar to males, it did not reach sig-
nificance [trend for DEP � LPS interaction, F(1,19) = 3.19, p = 0.09].
On the other hand, although there was a robust IL-1b response in
the brains (HYP, HIPP, PFC, and PAR pooled) of the same animals
2 h post-LPS injection [main effect of LPS, F(1,45) = 154.07,
p < 0.001], there was not a differential central response to LPS due
to prenatal treatment or sex (Fig. 9B).

4. Discussion

In agreement with emerging evidence that environmental
chemical exposures may contribute to the escalating prevalence
of obesity, we have demonstrated that prenatal air pollution
exposure causes exaggerated weight gain, insulin resistance,
anxiety-like behavior, and changes in neuroinflammatory markers
following high-fat diet consumption in adulthood, which cannot be
fully explained by changes in food intake and physical activity.
Notably, our results are in line with previous studies of other

obesogens. For example, prenatal bisphenol A (BPA) exposure
causes a 10% increase in body weight gain on a high-fat diet
(Wei et al., 2011), and here we report a 40% increase in the body
weight gain of DEP-exposed males on a high-fat diet. These find-
ings are also consistent with and expand upon our previous work
demonstrating that offspring gain more weight, develop hyperin-
sulinemia, and exhibit widespread increases in microglial antigen
expression as a result of maternal diesel exhaust inhalation during
pregnancy and 6 weeks of high-fat diet in adulthood (Bolton et al.,
2012). Our previous findings led us to hypothesize that microglia
are primed long-term by prenatal air pollution exposure and sub-
sequently overreact to high-fat diet exposure in adulthood, result-
ing in exacerbated metabolic and behavioral outcomes. However,
the current data suggest that the observed adverse effects may in-
stead be due to the priming of peripheral monocytes/macrophages
by prenatal air pollution exposure, and their later activation and
infiltration of both the adipose tissue and the brain following
high-fat diet exposure. This interpretation is supported by 3 key
findings of the current study: (1) HFD increased the percentage
of CD11b + CD45high cells in the hypothalamus and hippocampus,
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Fig. 5. (A) Following insulin challenge after 5 weeks on the diet, DEP/HFD males were significantly more insulin resistant than all other groups, as they failed to decrease their
blood glucose levels at the time of peak glucose response (30 min. post-insulin injection). On the other hand, DEP/HFD females did not differ from VEH/HFD females. (B) In
agreement with their insulin resistance, DEP/HFD males also had significantly higher levels of fasting insulin in serum collected immediately prior to insulin injection,
whereas HFD females had higher insulin levels than LFD females, regardless of prenatal treatment. Data are mean ± SEM, n = 7–10/group/sex. ⁄p < 0.05 vs. all other groups;
⁄⁄p = 0.06, HFD vs. LFD; #p < 0.05 vs. LFD groups; ##p < 0.05, HFD vs. LFD.
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as well as the expression of CCR2 in the adipose tissue, (2) DEP/
HFD males had elevated surface levels of CD11b protein on these
putative infiltrating macrophages in the hypothalamus and in-
creased CD11b expression in the adipose tissue, and (3) DEP males
had an exaggerated peripheral, but not central, IL-1b response to
LPS at P30 that may be indicative of monocyte/macrophage
priming.

Notably, these findings do not rule out the contribution of
microglial activation to the adverse metabolic and behavioral out-
comes in this model, as we also found increased expression of
microglial markers in the hippocampus of DEP/HFD males. It is
important to note that the current markers we have to distinguish
parenchymal microglia and infiltrating macrophages in the CNS are
imperfect. For example, it is possible for microglia to acquire a
CD11b + CD45high phenotype, but this is thought to occur only in
a small subset of microglia in response to very high levels of neuro-
toxicity (Ford et al., 1995). Although TLR4 and CD11b may be ex-
pressed by either microglia or peripheral macrophages, CX3CR1
is expressed specifically by microglia in the brain, whereas infil-
trating macrophages express CCR2, not CX3CR1 (Mizutani et al.,
2012). In the current study, CX3CR1 expression was elevated in
the hippocampus specifically of DEP/HFD males. The role of
CX3CR1, the receptor for fractalkine/CX3CL1, in the CNS is
complex—it has been shown to dampen microglial activation and
neurotoxicity (Cardona et al., 2006), but its expression is also
increased following chronic inflammation (Hughes et al., 2002)
and is critical for the development of neuropathic pain (Zhuang

et al., 2007). In the current study, it may be that the microglia react
to an increased infiltration of peripheral cells by upregulating
CX3CR1, either in an effort to limit excessive activation and neuro-
toxicity, or as a byproduct of their increased activation. Alterna-
tively, the increase in CX3CR1 expression may signify that there
are simply more microglia (Harrison et al., 1998) in the hippocam-
pus of DEP/HFD males. Either way, the marked increases in Iba1
staining in brain sections that we observed in our previous study
due to the combination of prenatal air pollution exposure and
adult high-fat diet (Bolton et al., 2012) suggest that there is likely
widespread microglial reactivity to the high-fat diet and the poten-
tial macrophage infiltration. Moreover, it is possible that microglia
play a key role in initiating and guiding macrophage infiltration of
the brain, as previous studies have shown that microglia produce
markedly higher levels of monocyte chemoattractant protein
(MCP-1/CCL2), the ligand that binds to CCR2 on circulating mono-
cytes, in conjunction with an increased percentage of CNS macro-
phages (Wohleb et al., 2011).

A particularly novel finding of the current study is our prelimin-
ary evidence for macrophage infiltration of the brain that appears
to parallel the well-documented macrophage infiltration of the
adipose tissue in animals consuming high-fat diets. Leukocyte traf-
ficking into the brain has been previously implicated in the patho-
genesis of neurological diseases like multiple sclerosis and
Parkinson’s disease (Rezai-Zadeh et al., 2009), as well as in re-
sponse to repeated social stress and LPS injections (Wohleb et al.,
2013, 2012, 2011), but only very recently in response to chronic
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Fig. 6. (A) At the end of the 9 weeks of diet, both male and female offspring on HFD expressed significantly higher levels of CCR2 mRNA in adipose tissue than offspring on
LFD, independent of prenatal treatment. (B) Offspring on HFD also exhibited higher TLR4 mRNA expression in adipose tissue, regardless of prenatal treatment or sex. (C) DEP/
HFD males exhibited significantly higher CD11b mRNA expression than all other groups, whereas HFD females had overall higher CD11b mRNA expression than LFD females,
independent of prenatal treatment. Data are mean ± SEM, n = 7–10/group/sex. ##p < 0.05, HFD vs. LFD; #p < 0.05 vs. LFD groups; ⁄p < 0.05 vs. all other groups.
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high-fat diet consumption. Buckman et al. (2013) used bone mar-
row chimeric male mice to demonstrate that 15 weeks of high-
fat diet feeding causes increased recruitment of peripheral im-
mune cells, primarily macrophages, into the parenchyma of the
adult brain. Macrophage infiltration of the adipose tissue is key
for inducing insulin resistance in the periphery; thus, macrophage
infiltration of the brain may play a role in inducing central insulin
resistance as well. Milanski et al. (2009) have already implicated
TLR4 in the hypothalamus as critical for the development of central
insulin resistance, but did not distinguish between its expression
on microglia or infiltrating macrophages. Our data in combination
with those of Buckman et al. (2013) suggest the possibility that it
may be TLR4 expressed on activated, infiltrating macrophages
(alone or in combination with that on microglia) in the hypothala-
mus that initiates an inflammatory cascade leading to central insu-
lin resistance. Furthermore, we observed an increase in TLR4
expression in the hippocampus of DEP/HFD males in conjunction
with evidence of increased macrophage infiltration, which may
have played a role in the development of anxiety-like behavior in
these animals. In support of this idea, previous studies have shown
that repeated social defeat increases anxiety-like behavior in asso-
ciation with an increased inflammatory profile in microglia and
macrophages (Wohleb et al., 2011), and notably, the stress-induced
recruitment of infiltrating macrophages to the brain is critical for
the development of this anxiety-like behavior (Wohleb et al.,
2013). Although our data provide evidence suggestive of an in-
crease in the trafficking of peripheral macrophages into the brain,

this remains to be demonstrated directly in our model using, for
instance, bone marrow transfer experiments. However, we believe
the recent experiments of this kind from Buckman et al. (2013)
provide strong support for our findings.

Another important finding of this study was our observation of
robust sex differences in almost every outcome. These data are
consistent with our previous work demonstrating that males are
more vulnerable to the adverse effects of prenatal air pollution
exposure (Bolton et al., 2013, 2012), as well as with evidence
within the field of child health that males typically experience
poorer outcomes following maternal inflammatory insults during
pregnancy. For example, males have a higher risk of poor perinatal
outcome when their mothers are diabetic during pregnancy
(García-Patterson et al., 2011), and BPA exposure during pregnancy
has been shown to disrupt glucose homeostasis in male, but not fe-
male, offspring (Alonso-Magdalena et al., 2010). In the current
study, prenatal DEP exposure did not affect weight gain, insulin
resistance, or behavioral changes in response to HFD in female off-
spring. Interestingly, even though high-fat diet consumption
caused evidence of macrophage infiltration of the adipose tissue
and brain in both males and females, DEP females did not display
the increases in macrophage activation markers (CD11b, TLR4)
characteristic of macrophage priming that we observed in their
male littermates. We have previously shown that male brains at
E18 downregulate IL-10 protein in response to prenatal DEP expo-
sure, whereas female E18 brains upregulate IL-10 following DEP
exposure, which may be protective against macrophage priming
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Fig. 7. At the end of the 9 weeks of diet, DEP/HFD male offspring exhibited increased mRNA expression of microglia/macrophage activation markers CD11b (A) and TLR4 (B),
and of specific microglia marker CX3CR1 (C), in HIPP, whereas female offspring did not. (D) There was a small decrease in GFAP mRNA in brains of females exposed to HFD,
independent of prenatal treatment, but no differences among males. (D). Data are mean ± SEM, n = 4–6/group/sex. ⁄⁄p < 0.05 vs. VEH/HFD; ⁄p < 0.05 vs. DEP/LFD and VEH/HFD
groups; #p < 0.05 vs. VEH/LFD and VEH/HFD; ##p < 0.05, HFD vs. LFD.
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(Bolton et al., 2013). In the current study, we found that HFD
females displayed a downregulation of GFAP expression in the
hippocampus, which again may be suggestive of an increased
anti-inflammatory tone in the CNS (Morgan et al., 1997), but could

also signify a loss of astrocytes. In regard to peripheral metabolic
changes, Pettersson et al. (2012) recently demonstrated that fe-
male mice are protected from HFD-induced insulin resistance
due to an increase in the regulatory T cell population of their
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Fig. 8. (A) Following flow cytometry, cells were initially gated based on forward and side scatter to obtain only live, single cells for further analysis. (B) Cells were
subsequently gated into CD11b + CD45low cells (microglia), CD11b + CD45high cells (infiltrating macrophages), and CD11b-CD45high cells (lymphocytes). (C) 9 weeks of HFD
caused a significant increase in the percent of CD11b + CD45high cells found in the HYP and HIPP (analyzed together), regardless of prenatal treatment or sex. (D) DEP/HFD
males possessed CD11b + CD45high cells in the HYP with a significantly higher MFI of CD11b protein, whereas females did not exhibit any differences. (E) CD11b + CD45low

cells of the HYP did not display any significant differences between groups. (F) HFD caused a significant increase in the percent of CD11b-CD45high cells in the HYP of females,
but not males. Data for A and B are diagrams of gating procedures from representative samples, data for C represents the mean ± SEM of n = 12/group (sexes and brain regions
combined for analysis), and data for D, E and F represent the mean ± SEM of n = 3/group/sex. ##p < 0.05, HFD vs. LFD; ⁄p < 0.05 vs. DEP/LFD.
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adipose tissue compared to males, which helps maintain an
anti-inflammatory environment. Interestingly, we observed an in-
crease in the lymphocyte population specifically in the hypothala-
mus of females, but not males, in response to HFD. Thus, it is
possible that an increase in regulatory T cells, in both the brain
and the adipose tissue, could explain the apparent protection of
HFD female offspring in our study. Due to the prevalence of a male
disadvantage in the human and animal fetal programming litera-
ture, the mechanisms of these sex differences warrant further
investigation.

The mechanisms by which prenatal events impact offspring
behavioral, metabolic, and brain outcomes are usually complex,
though poorly defined, and may involve several physiological path-
ways, as well as changes in maternal-offspring interactions after
birth. In this study, we did not observe any significant alterations
of maternal care due to maternal DEP exposure, consistent with
our previous work (Bolton et al., 2013), in which we also found
no long-term changes in maternal anxiety due to prenatal treat-
ment. Therefore, we believe the male anxiety phenotype is likely
due to the effect of DEP exposure on in utero development, in com-
bination with a ‘‘second hit’’ later in life (adult high-fat diet).
However, it is possible there were sex-specific changes in mater-
nal-offspring interactions, which are typically male-biased (Moore
and Morelli, 1979), or more subtle shifts within the normal distri-
bution of maternal behavior, which our observation methodology
was unable to detect.

Importantly, there were no significant differences in maternal
weights during or after pregnancy as a result of DEP exposure that
would be suggestive of maternal obesity, nor are the metabolic ef-
fects we observed in the offspring simply the long-term conse-
quences of low birth weight, as is commonly studied in the field of
metabolic programming. It is more likely that the effects of air pol-
lution exposure in utero are due to the inflammatory or endocrine-
disrupting effects of this obesogen during sensitive periods of brain
development (Bolton et al., 2013). An interesting possibility that re-
mains to be explored in our model is the role of the placenta, the
interface between the mother and the fetus, in the fetal program-
ming of future immune and metabolic function in response to prena-
tal air pollution exposure.

In conclusion, we have demonstrated that prenatal air pollution
exposure causes exaggerated weight gain, insulin resistance, and
anxiety-like behavior specifically in male offspring on a high-fat
diet, and that these changes may be accompanied by the increased
infiltration of the brain and adipose tissue by activated macro-
phages. Our working hypothesis is that these macrophages are

primed early during development by prenatal air pollution
exposure, and only following the ‘‘second hit’’, exposure to the
high-fat diet, are they induced to emigrate from the bone marrow
or other peripheral tissues and invade the brain and adipose tissue,
creating a pro-inflammatory environment with significant conse-
quences for behavioral and metabolic regulation. The mechanisms
that allow for the specific vulnerability of males and relative pro-
tection of females following these immune challenges remain to
be defined, but likely involve the promotion of an anti-inflamma-
tory environment in the brain and adipose tissue of females. Future
studies aimed at elucidating these sexually dimorphic mechanisms
of fetal programming will be critical for informing environmental
policy regulations, as well as identifying effective interventions.
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