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The brain appears to be a target of air pollution. This study
aimed to further ascertain behavioral and neurobiological mech-
anisms of our previously observed preference for immediate re-
ward (Allen, J. L., Conrad, K., Oberdorster, G., Johnston, C. J.,
Sleezer, B., and Cory-Slechta, D. A. (2013). Developmental expo-
sure to concentrated ambient particles and preference for immedi-
ate reward in mice. Environ. Health Perspect. 121, 32–38), a pheno-
type consistent with impulsivity, in mice developmentally exposed
to inhaled ultrafine particles. It examined the impact of postna-
tal and/or adult concentrated ambient ultrafine particles (CAPS)
or filtered air on another behavior thought to reflect impulsiv-
ity, Fixed interval (FI) schedule-controlled performance, and ex-
tended the assessment to learning/memory (novel object recog-
nition (NOR)), and locomotor activity to assist in understand-
ing behavioral mechanisms of action. In addition, levels of brain
monoamines and amino acids, and markers of glial presence and
activation (GFAP, IBA-1) were assessed in mesocorticolimbic brain
regions mediating these cognitive functions. This design produced
four treatment groups/sex of postnatal/adult exposure: Air/Air,
Air/CAPS, CAPS/Air, and CAPS/CAPS. FI performance was
adversely influenced by CAPS/Air in males, but by Air/CAPS
in females, effects that appeared to reflect corresponding changes
in brain mesocorticolimbic dopamine/glutamate systems that me-
diate FI performance. Both sexes showed impaired short-term
memory on the NOR. Mechanistically, cortical and hippocampal
changes in amino acids raised the potential for excitotoxicity, and
persistent glial activation was seen in frontal cortex and corpus cal-
losum of both sexes. Collectively, neurodevelopment and/or adult-
hood CAPS can produce enduring and sex-dependent neurotoxic-
ity. Although mechanisms of these effects remain to be fully eluci-
dated, findings suggest that neurodevelopment and/or adulthood
air pollution exposure may represent a significant underexplored
risk factor for central nervous system diseases/disorders and thus
a significant public health threat even beyond current appreciation.

Associations between air pollution and adverse cardiopul-
monary heath effects are well documented. Ultrafine particles

(UFP; <100 nm in diameter), found ubiquitously in ambient in-
door and outdoor air (Oberdorster et al., 2004), are considered
the more toxic component of ambient air pollution (Oberdorster,
2000). Increasing evidence suggests that air pollutants may also
adversely affect the central nervous system (CNS). Epidemio-
logical studies have identified associations between exposure to
diverse ambient air pollutants such as particulate matter (PM),
ozone, carbon monoxide, and nitrogen dioxide with ischemic
cerebrovascular events (Hong et al., 2002; Lisabeth et al., 2008;
Lokken et al., 2009), with one of the first studies reporting in-
creased risk of stroke due to exposure to indoor coal fumes
(Zhang et al., 1988).

Behavioral function also appears to be a target of the toxic ef-
fects of ambient air pollutants. A positive association between
diagnosed attention deficit hyperactivity disorder (ADHD) and
ambient particulate matter level was reported in school-aged
children living in rural or urban India after controlling for poten-
tial confounders (Siddique et al., 2011). Correspondingly, we
reported that postnatal exposures of mice to concentrated am-
bient ultrafine particles (CAPS) increased preference for imme-
diate reward, a type of impulsivity using a fixed-ratio waiting-
for-reward paradigm (Allen et al., 2013). Ambient black carbon,
a marker of traffic-generated PM, was associated with reduced
neurocognitive function in urban school-aged children (Suglia
et al., 2008). Furthermore, long-term black carbon exposure was
also associated with neurocognitive decline in a cohort of men
aged 71 ± 7 years (Power et al., 2011) and ambient air pollution
with deficits in short-term memory in male rats (Zanchi et al.,
2010).

Air pollution causes inflammation and oxidative stress in pul-
monary tissue (Alessandrini et al., 2009; Delfino et al., 2009;
Fujii et al., 2001; Ishii et al., 2004; Nemmar et al., 2009; van
Eeden et al., 2001) with similar effects seen in the CNS (Camp-
bell et al., 2009; Gerlofs-Nijland et al., 2010; Kleinman et al.,
2008). In vitro, brain microglia were found to be primed in re-
sponse to diesel exhaust exposure when later challenged with
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lipopolysaccharide (Levesque et al., 2011). In vivo studies in
rats indicated that subchronic diesel exhaust exposure caused
neuroinflammation and elevated early markers of neurodegen-
erative disease (Levesque et al., 2011). Although experimental
data suggests that UFP can directly translocate into the CNS
(Oberdorster et al., 2002, 2004), it would not be necessary for
this to occur to produce neurotoxicity, because peripheral in-
flammation itself can adversely affect the CNS (Banks et al.,
2002; Delfino et al., 2009; Hagberg and Mallard, 2005; Kons-
man et al., 2002; Perry, 2004).

To further understand the nature of behavioral deficits pro-
duced by ambient air pollutants and their corresponding behav-
ioral and neurobiological mechanisms, this study further exam-
ined our previously reported CAPS-induced preference for im-
mediate reward (Allen et al., 2013). To do so, it used a fixed
interval (FI) 60 and 120 s (FI60 and FI120, respectively) sched-
ule of food reward, as performance on this schedule has been
demonstrated to be a surrogate for impulsivity in both infants
and children (Darcheville et al., 1992, 1993). Impulsivity is a
component of attention deficit disorder and consistent with a
preference for immediate reward. On the FI schedule, delivery
of a reinforcer follows the first occurrence of a response (here,
a lever press) after an FI of time (in this case, 60 s) has elapsed
because the previous reinforcement delivery. The “scalloped”
pattern of FI behavior, characterized by periods of little or no
responding early in the interval followed by a gradual increase
in rate of responding as the opportunity for reinforcer delivery
approaches (Ferster and Skinner, 1957), has been observed over
a wide range of species, which attests to the generality of these
underlying behavioral processes (Kelleher and Morse, 1968).
Our studies in rats have confirmed a critical role of mesocor-
ticolimbic dopamine systems in the mediation of FI behavior
(Cory-Slechta et al., 1997, 1998, 2002).

Because changes in FI response rate might reflect altered ac-
tivity rather than impulsive-like behavior, changes in locomo-
tor activity were also examined. As an additional assessment
of CAPS behavioral toxicity, a measure of learning/short-term
memory, a novel object recognition (NOR) paradigm was uti-
lized. Levels of brain neurotransmitters and markers of neuro-
toxicity in brain regions known to mediate cognition and at-
tention, as well as neuroinflammation were measured as po-
tential mechanisms of behavioral toxicity. Based on known
mechanisms of air pollution and of regions/neurotransmitters
mediating these behaviors, we hypothesized that early post-
natal CAPS exposure and/or adult CAPS would induce be-
havioral toxicity mediated by changes in mesocorticolim-
bic monoamines/glutamate, brain glial activation, and brain
histopathology.

MATERIALS AND METHODS

Animals/experimental design/exposure. Young adult male
and female C57BL/6J mice obtained from Jackson Laborato-

ries (Bar Harbor, ME) were bred using a monogamous pairing
scheme. Male and female (n = 35 pairs) mice were paired for
3 days, after which males were removed from the home cage.
Pregnant dams (n = 24) remained singly housed throughout
weaning. On average, litters contained (mean ± SD) 5.91 ±
1.56 pups with (mean ± SD) ∼45 ± 22% males. Litter sizes
ranged from four to eight pups. Litters were not culled as al-
location of pups into treatment groups was counter-balanced
against litter size. Pups were randomly assigned to treatment
groups with no more than a single pup per litter per sex being
allocated to a given treatment group, with one pup per sex be-
ing allocated for each of the four treatment groups when possi-
ble. Upon weaning at postnatal day (PND) 25, male and female
progeny were housed in same sex pairs under a 12-h light/dark
cycle and temperature maintained at 72◦F.

The experimental design is shown in Figure 1. Offspring
(n = 8–12/treatment group/sex) were exposed to CAPS or
HEPA-filtered (99.99% effective) room air in compartmental-
ized whole body inhalation chambers over PNDs 4–7 and 10–
13 for 4 h/day between 0700 h–1300 h. Pups were removed
from dams to prevent mothering behavior (e.g., nose-to-fur hud-
dling) from impacting behavior. No gross differences in mater-
nal care by treatment were observed after cessation of exposure.
These hours correspond to high levels of vehicular traffic near
the ambient air intake valve. Exposures were carried out using
the Harvard University Concentrated Ambient Particle System
(HUCAPS) as described elsewhere (Allen et al., 2013). Briefly,
the HUCAPS system concentrates ambient ultrafine particles
from a nearby highly trafficked roadway ∼10 times that of am-
bient air (see Fig. 2) and delivers them to compartmentalized
whole-body inhalation chambers. The variability in these expo-
sures represents the real-world nature of the exposure paradigm
and the natural variability in ambient, urban, and outdoor air.
Filtered air and CAPS-treated mice experienced similar exper-
imental manipulations. Particle counts were obtained using a
condensation particle counter (model 3022A; TSI, Shoreview,
MN) and mass concentration was calculated using idealized par-
ticle density of 1.5 g/cm3. Both CAPS and control mouse expo-
sure chambers were maintained at 77–79◦F and 35–40% relative
humidity. At PND56, mice received a secondary challenge with
CAPS or filtered air for an additional 4 days to assess cumula-
tive toxicity, generating four treatment groups per sex: postna-
tal air with (n = 9 males; n = 8 females) and without (n = 9
males; n = 8 females) adult CAPS exposure (designated Air/Air
and Air/CAPS, respectively) and postnatal CAPS with (n = 12
males; n = 11 females) and without (n = 12 males and females)
adult CAPS exposure (designated CAPS/CAPS and CAPS/Air,
respectively).

Ambient outdoor UFP counts ranged from ∼10,000 to 27,000
particles/cm3 that were concentrated 3–21-fold giving rise to
CAPS exposure particle count concentrations ranging from
∼40,000 to 496,000 particles/cm3. Reports of UFP particle con-
centrations in Erfurt, Germany (Wichmann and Peters, 2010)
and Atlanta, GA, USA (Woo et al., 2010) ranged from 10,000
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FIG. 1. Experimental design. Mice were exposed in the postnatal period from PNDs 4–7 and 10–13, with adult re-exposure occurring at PNDs 57–59.
Spontaneous locomotor (SLA) activity was collected every other day for three sessions from PNDs 71–78. Starting on PND93, animals were autoshaped and
subsequently placed under the FI schedule of reinforcement until PND240. Novel object recognition (NOR) was carried out at ∼6 months of age. Blood was
collected (represented by arrows) on PND60, 6 months of age, and upon sacrifice at approximately PND270 .

FIG. 2. Ambient outdoor UFP and CAPS characterization. Daily outdoor ambient UFP and CAPS counts across all exposure days (left) are reported as
number of particles × 105/cm3 ± SDs. Concentration factor (left) was calculated as [CAPS]/[UFP]. Mean particle mass (right) is reported as �g/m3 ± SDs.
Daily diameter of CAPS (right) is reported in nm ± SDs.

to 20,000 particles/cm3, similar to ambient UFP concentrations
reported here. However, particle concentrations in Los Angeles,
CA, USA and Minneapolis, MN, USA have been reported at
200,000–400,000/cm3, respectively, near highways, with peak
episodic counts reaching as high as 2,000,000 particles/cm3 in
Minneapolis (Kittelson, 2004; Westerdahl et al., 2005). Diam-
eter of the particles remained <100 nm (i.e., ultrafine) over all
exposure days. Thus, particle exposures in this study are rela-
tively low and clearly within human-relevant ranges.

Approximately 24 h after the final CAPS exposure, mice were
moved into the behavioral test suite and allowed to acclimate for
10 days prior to commencing behavioral testing on PND71. On
PND65, ad libitum weights were obtained, which averaged 25.0
g for males and 19.6 g for females and there were no treatment-
related differences in body weight. Four weeks after the con-
clusion of operant behavior testing (at ∼9 months of age), mice
were sacrificed by cervical dislocation without the use of seda-
tives and fresh brains removed and hemisected. The left side was
immersion-fixed in 4% paraformaldehyde for 48 h and cryopro-

tected in 30% sucrose until it sunk. Fixed frozen brains were
sectioned on a sliding microtome at 40 �m for immunohisto-
chemical analysis. Tissue was collected in cryoprotectant (30%
sucrose; 30% ethylene glycol in 0.1M PB) into a six-series,
with every sixth section being collected into a single well for
immunohistochemical analysis. The right hemisphere was dis-
sected into the following brain regions: olfactory bulb, hypotha-
lamus, striatum, midbrain, frontal cortex, and hippocampus, and
then fresh-frozen.

Whole blood was collected by submandibular bleed at
PND60 (24 h after final adult exposure) and again at ∼6 months
of age. Upon sacrifice, trunk blood was collected. Whole blood
was collected into prechilled centrifuge tubes and centrifuged
for 20 min at 3500 × g for 20 min to obtain serum.

Spontaneous locomotor activity. Automated locomotor ac-
tivity chambers equipped with infrared photobeams (Opto-
Varimex Minor, Columbus Instruments, Columbus, OH) were
used to assess spontaneous locomotor activity (SLA). SLA was
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quantified in three 45-min sessions occurring every other day
during PNDs 71–78. Horizontal, vertical, and ambulatory activ-
ities were recorded every minute for the duration of the 45-min
session. Horizontal activity was defined as any nonambulatory
movement in the x–y plane; ambulatory activity required three
successive photobeam breaks in the x–y plane and vertical ac-
tivity was defined as photobeam breaks of the z plane.

Fixed interval schedule-controlled behavior apparatus and
procedure. Assessment of FI schedule-controlled behavior was
conducted in operant chambers (Med Associates, St Albans,
VT) housed in sound-attenuating cabinets equipped with white
noise for attenuation of distracting sounds, and fans for ventila-
tion. Three levers were located horizontally across the back wall
of the chamber, with a liquid dipper and dual pellet dispenser for
reinforcer delivery on the front (opposite wall).

Mice were maintained at 85% of their ad libitum body
weights starting at PND88, and starting on PND93, trained to
press the left lever via an overnight autoshaping program previ-
ously developed in our laboratory (Cory-Slechta et al., 1985) in
which they received sucrose pellet reinforcers (20 mg; Bio-serv,
Frenchtown, NJ) to a criterion of the delivery of 50 reinforcers
on a fixed ratio 1 schedule (each lever press produces a reward
delivery). Subsequently, starting on PND107, a FI 60-s sched-
ule (FI60I) was imposed, which was programmed to reward the
first response that occurred after an FI of time (60 s). Reward
delivery also initiated the next 60-s interval in 20-min sessions.
A total of 30 sessions on the FI 60 s schedule were carried out
(FI60I). To examine learning of a new time interval, the sched-
ule was shifted to FI 120-s (FI120) for the next five sessions, and
to assess memory of the 60 s interval, followed by an additional
10 sessions under FI60 s (FI60II). On the FI schedule, responses
occurring prior to the lapse of the interval have no programmed
consequences. Behavioral measures of FI performance included
overall response rates, run rates, postreinforcement pause time
(PRP), and interresponse times (IRT) as defined in previous
studies (Rossi-George et al., 2011). Briefly, OR is calculated
as the total lever responses/total session time, PRP is measured
as the latency between reinforcer delivery and next lever press
response, IRT is measured as the time between successive lever
press responses, and RR, which provides a more fine-grained
measure of response rate, is calculated as total number of lever
responses/(session time − PRP time). All FI data session was
binned into five session blocks for data presentation. Unbinned
data were used to determine statistical effects of session and/or
statistical interactions of treatment(s) with session. Binned data
were used for subsequent post-hoc analyses.

Novel object recognition. At ∼6 months of age, assessment
of learning/short-term memory was carried out using a NOR
paradigm. During the training trial, individual mice were placed
for 10 min in a 12 in. × 12 in. plastic arena containing two iden-
tical objects fixed to the floor. At the end of the session, animals
were removed from the arena and placed in the home cage for 1

h, after which the probe trial took place and mice were returned
to the arena for 5 min. During the probe trial, one of the novel
objects had been replaced with a new and unfamiliar object. Fa-
miliar objects were two identical, white, porcelain kitchen cabi-
net door pulls approximately 3 in. in diameter. The novel object
was a gray metal kitchen cabinet door pull slightly smaller in
diameter. Placement of the novel object was counterbalanced
across treatments to preclude bias. Between animals, the arena
and objects were thoroughly cleaned using disinfectant.

All sessions were videotaped and scored by a blinded re-
viewer. The entire 10 min of the training trial and the first minute
of the probe trial were scored. Measures included time spent
with each of the objects and number of approaches and time to
approach of each of the objects. Entry of the forward part of the
animal (head and front feet) into the object zone (approximately
2 cm around the object), initiated either count. These behavioral
measures were used to calculate percent change in time spent
with, approaches to, and time per approach with the Familiar-
Familiar objects (trial 1) and the Familiar-Novel objects (trial
2). Figure 4 contains a diagram depicting the behavioral mea-
sures.

Neurotransmitter quantification. Level of dopamine (DA),
and its metabolites dihydroxyphenylacetic acid (DOPAC), ho-
movanillic acid (HVA), norepinephrine (NE), serotonin (5-HT),
and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) were
analyzed in frontal cortex, midbrain (containing substantia ni-
gra and ventral tegmental area), striatum (combined dorsal and
ventral), hypothalamus, olfactory bulb, and hippocampus using
HPLC with electrochemical detection as previously described
(Cory-Slechta et al., 2004, 2009, 2010; Virgolini et al., 2008).
Limits of detection (pg/ml) is for each are as follows: NE,
11.77; DOPAC, 7.42; DA, 7.33; HIAA, 5.49; HVA, 11.49;
5HT, 48.68. Levels of glutamate, glutamine, and GABA were
determined in hippocampus and frontal cortex using a HPLC
coupled with a fluorescence detector in a method described else-
where (Cory-Slechta et al., 2012) with limits of detection <1
ng/ml for each of the analytes. Concentrations of neurotrans-
mitters were expressed at nanogram or microgram, as appropri-
ate, per milligram protein. DA turnover (DATO) was calculated
at the ratio of [DOPAC]/[DA].

Serum corticosterone determination. Serum corticosterone
levels were measured using a high sensitivity immunoassay kit
(Corticosterone EIA kit AC-15F1; IDS Inc., Scottsdale, AZ)
according to manufacturer’s instructions (Cory-Slechta et al.,
2012). Sensitivity of this assay is 16.9 pg/ml. Serum corticos-
terone was measured 24 h following cessation of adult CAPS
exposure (PND60), at ∼6 months of age, and upon euthanasia.

Immunohistochemistry. Glial fibrillary acidic protein
(GFAP) was used to identify brain astrocytes. Briefly, 40 �m
free floating sections were washed in 0.1M tris buffered saline
(TBS), endogenous peroxidases were deactivated by incubation
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FIG. 3. Overall rates, run rates, postreinforcement pause times, and interresponse times for male and female mice performing under fixed-interval schedule
controlled behavior (mean ± SE). Data binned into five sessions per bin for each of FI60I, FI120, and FI60II. PN, or AD indicates statistical main effect of postnatal
or adult treatment, respectively. PN × AD indicates statistical interaction of the treatments. * denotes statistical significance from Air/Air, ∼ denotes statistical
significance from Air/CAPS, + denotes statistical significance from CAPS/Air, and ∧ denotes statistical significance from CAPS/CAPS.

in 10% methanol/3% hydrogen peroxide in 0.1M TBS for
10 min, blocking with 5% normal goat serum, followed by
incubation in primary GFAP antibody (AB5804, Millipore,
Billerica, MA) for 24 h at 4◦C. Tissue was then incubated
in goat antirabbit biotinylated secondary antibody (BA1000,
Vector Labs, Burlingame, CA) for 1 h at room temperature fol-
lowed by incubation in avidin-biotin solution (BA1000, Vector
Labs) followed by visualization using 3,3′-diaminobenzidine.

Ionized calcium binding adaptor molecule 1 (IBA-1) was
used to identify brain microglia and brain macrophages in or-
der to assess microglial activation. Briefly, 40 �m free floating
sections were washed in 0.1M phosphate buffer and blocked in
10% normal goat serum prior to 48 h incubation at 4◦C in IBA-
1 primary antibody (016-20001, Wako Pure Chemical Indus-
tries Ltd., Osaka, Japan). Subsequently, tissue was incubated
in Alexa-fluor 594 goat antirabbit IgG secondary antibody (A-

11012, Life Technologies Corp, Grand Island, NY) for 24 h at
4◦C.

All tissue was mounted on SuperFrost Plus Micro slides
(VWR International LLC, Radnor, PA) and coverslipped using
Cytoseal-60 for GFAP or Anti-Fade Prolong Gold for IBA-1
mounting medium.

Image analysis. Image Pro Plus 7.0 (MediaCybernetics Inc,
Rockville, MD) was used to quantitate relative immunoreac-
tivity levels. GFAP or IBA-1 was analyzed in images of three
sections per brain region using brightfield or fluorescent mi-
croscopy, as appropriate, at 10× magnification, for each of
the following regions: midbrain, hippocampus, striatum, cor-
tex, and corpus callosum at similar bregma across animals. All
images underwent identical contrast and brightness enhance-
ment to aid in the image analysis. All analyses were carried
out in an identical fashion without regard to treatment-status
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FIG. 4. Novel object recognition in males and females exposed to postnatal Air or CAPS, adult Air or CAPS, and their combination. Change in time spent with
novel object (top) and change in number of approaches to the novel object (middle), and change in time per approach to the novel object (bottom) are reported as
percent change ± SEM from trial 1 to trial 2 using the object on the same side as the novel object as baseline. The graphic offers a visual depiction of experimental
set up. Position of the novel object was counterbalanced against sex and treatment group to preclude potential side bias. PN or AD indicates statistical main effect
of postnatal or adult treatment, respectively. PN × AD indicates statistical interaction of the treatments. * denotes statistical significance from Air/Air, ∼ denotes
statistical significance from Air/CAPS, + denotes statistical significance from CAPS/Air, and ∧ denotes statistical significance from CAPS/CAPS.

to preclude any biases. IBA-1 images underwent contrast in-
version prior to image analysis. Analysis was performed using
count/size tool in analysis software that identifies positively
stained cells and provides relative enumeration of the extent of

staining. Microscopy and image analysis were carried out by
a person blinded to the treatment status of the tissue. Data are
reported as percent Air/Air control by sex.
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TABLE 1
Summary of Changes in Behavioral, Neurochemical, and Biochemical Effects of CAPS by Sexa

aFC, frontal cortex; HIPP, hipocampus; OB, olfactory bulb; HYPO, hypothalamus; MB, midbrain; STR, striatum; CORT, corticosterone . Bolded signifies
statistically significant; unbolded signifies marginally significant.

bPRP, postreinforcement pause time; IRT, interresponse time.
cPN, postnatal; AD, adult; AC, Air/CAPS, CA-CAPS/Air, CC-CAPS/CAPS, ∼ marginally significant.

Statistical analysis. Two female mice died prior to comple-
tion of behavioral testing due to reasons unrelated to treatment;
data from these animals were not included in analysis. Overall
analyses that included sex as a between group factor were car-
ried out and for almost all outcomes revealed either main effects
or interactions related to sex. Thus, to present a fully accurate
representation of effects, all data from male and female mice
were analyzed separately.

For assessments involving repeated measures (SLA, FI,
and corticosterone), repeated measures analyses of variance
(RMANOVA) with postnatal (PN) and adult (AD) treatment
as between group factors and session (S) or time point (corti-
costerone) as a within factor were used. The various outcome
measures are analyzed separately as each provides pertinent
and different information related to behavioral mechanisms of
changes in overall response rate in the case of FI, for example.
Results were followed as appropriate depending on main effects
or interactions, by Fisher’s protected, least-squares differences
(PLSDs) tests.

Analyses of variance (ANOVA) with postnatal and adult
treatment as the between group factors were used to analyze
GFAP and IBA-1 immunoreactivity/fluorescence, neurotrans-
mitter levels and NOR data with Fisher’s PLSDs as appropriate.
Brain regions were analyzed separately given the potential for
differential involvement in behavioral outcomes; further, differ-
ent neurotransmitters within a brain region were analyzed sepa-
rately as the different neurotransmitters within a region provide
information as to the nature of the specific change in that neuro-
transmitter’s function, e.g., changes in HVA versus DOPAC can
signal changes in internal versus external dopamine handling.
Statistical analyses were conducted using Statview version 5.0
(SAS Institute Inc., Cary, NC), with p < 0.05 values considered
statistically significant and p < 0.1 considered to be marginally
significant. Significant outliers were identified by Grubb’s test
and excluded from ANOVAs, with treatment group mean val-
ues substituted to facilitate RMANOVA analysis. To prevent
statistical masking, no more than a single outlier per treatment
group was removed.
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RESULTS

Behavioral, neurochemical, and/or biochemical effects of
CAPS by sex are summarized in Table 1.

Exposure

Outdoor ultrafine particle counts (mean ± SD) ranged from
∼0.100 ± 0.053 × 105 to 0.270 ± 0.151 × 105 particles/cm3

across all exposure days. Inside the exposure chambers, ultra-
fine particle counts (mean ± SD) ranged from ∼0.400 ± 0.230
× 105 to 4.960 ± 4.030 × 105 particles/cm3, with the ambient
outdoor particles being concentrated from 3.33 to 21.5 times
that of ambient outdoor air. Inside the exposure chambers, the
mass concentration of particles ranged from 15 to 240 �g/m3

across all exposure days. The diameter of the particles remained
<100 nm for all exposure days (Fig. 2). Variability in the parti-
cle counts, mass, diameter, and concentration factor reflect the
real-world nature of this exposure and the temporal variability
in which ambient ultrafine particles are present as described pre-
viously (Allen et al., 2013).

Initial FI60 Schedule Controlled Behavior (FI60I)

A statistically significant four-way interaction of FI60I oper-
ant session by sex postnatal CAPS by adult CAPS (F(29,2059)
= 3.53, p < 0.0001) indicating the sex-dependent nature of the
effects of CAPS exposure was observed. As such, all subsequent
analyses were performed independently by sex.

Males. No treatment-related effects on the number of ses-
sions required to meet criterion for lever press training were ob-
served (data not shown). On the initial FI 60 s schedule (Fig.
3; FI60I), CAPS/Air exposed males exhibited significantly re-
duced overall rates and run rates compared with Air/Air across
bins 2–6 (PN × AD × S, F(29,1073) = 1.68, p = 0.014 and
F(29,1073) = 1.76, p = 0.008, respectively, all post hocs p <

0.05). Air/CAPS had lower overall rate and run rate for bin 1
only (p < 0.05). Changes in PRP times were restricted to in-
creases in Air/CAPS males compared with all other treatment
groups during bin 1 (PN × AD × S, F(29,1073) = 3.15, p
< 0.001, post hoc p < 0.05), and decreases in CAPS/CAPs
mice compared with Air/CAPS mice during bin 2 (p < 0.05).
Similarly, IRTs were increased in Air/CAPS males compared
with all other treatment groups during bin 1 (PN × AD × S,
F(29,1073) = 3.07, p < 0.0001, post hocs p < 0.05). CAPS/Air
males had higher IRT values during bin 6 compared with
Air/Air (p < 0.05).

Females. No treatment-related effects on the number of ses-
sions required to meet criterion for lever press training were ob-
served (data not shown) in females. Air/CAPS exposure in fe-
males (Fig. 3, bottom row) significantly increased overall rates
compared with control during bin 4 (PN × AD × S, F(29,986)
= 2.05, p = 0.009), whereas overall and run rates were in-
creased compared with CAPS/CAPS during bins 2–6 (post hocs

p < 0.05). Overall rates in Air/CAPS females were higher than
CAPS/Air females only during bins 2 and 6 (post hoc p < 0.05).
Run rates were increased in Air/CAPS exposed females com-
pared with all treatment groups during bin 2 (PN × AD × S,
F(29,986) = 2.14, p = 0.0005, post hoc p < 0.05), and as com-
pared with Air/Air and to CAPS/CAPS from bins 2 to 4 (post
hocs p < 0.05). PRP times were characterized by a statistical
interaction of PN × S (F(29,986) = 2.40, p < 0.0001); females
receiving postnatal CAPS (CAPS/Air and CAPS/CAPS) had
generally higher PRP values. Similar results were seen for IRT
(PN × S, (F(29,986) = 2.23, p = 0.0002 and AD × S, F(29,986)
= 1.89, p = 0.003).

FI120 Schedule Controlled Behavior

Males. Reductions in overall rates and run rates under the
FI120 schedule were seen in postnatal CAPS exposed males
(CAPS/Air and CAPS/CAPS; PN, F(1,37) = 4.33, p = 0.044
and F(1,37) = 4.30, p = 0.045, respectively). No significant
treatment-related differences in PRP or IRT were observed in
male mice under the FI120 schedule.

Females. Female mice receiving postnatal CAPS exposure
(CAPS/Air and CAPS/CAPS) had significantly reduced over-
all and run rates under the FI120 schedule (PN, F(1,34) = 5.33,
p = 0.027 and F(1,34) = 4.40, p = 0.044, respectively). No
systematic treatment-related differences on PRP or IRT were
observed in female mice under the FI120 schedule.

Return to FI60 Baseline (FI60II)

Males. Despite trends similar to those seen in FI60I, no sig-
nificant treatment-related differences in overall rates, run rates,
or IRT were observed in males on the FI60II schedule. PRP val-
ues during the FI60II were similar to those during FI60I (PN ×
AD × S, F(14,518) = 2.81, p = 0.0005).

Females. Under the FI60II schedule, females that had re-
ceived postnatal CAPS (CAPS/Air and CAPS/CAPS) had sig-
nificantly lower overall and run rates (PN, F(1,34) = 5.80, p =
0.022 and F(1,34) = 4.58, p = 0.04, respectively) and signifi-
cantly longer PRP times (PN, F(1,34) = 6.36, p = 0.017).

Novel Object Recognition

Males. Postnatal CAPS only (CAPS/Air) nearly signifi-
cantly reduced time in contact with the novel object from the
training trial to the probe trial in males (Fig. 4; PN × AD,
(F(1,37) = 4.08, p = 0.051, post hoc p < 0.05), whereas both
postnatal CAPS alone (CAPS/Air) and postnatal CAPS fol-
lowed by adult CAPS (CAPS/CAPS) significantly reduced the
increase in the percent change in time per approach to the novel
object from the training trial to the probe trial (PN, F(1,37) =
5.68, p = 0.02).

Females. As in males, CAPS/Air in females nearly signifi-
cantly reduced the percent change in time with the novel object



168 ALLEN ET AL.

from the training trial to the probe trial (Fig. 4; PN × D, F(1,33)
= 5.43, p = 0.03), p = 0.051, post hoc p < 0.05). Postna-
tal CAPS also significantly decreased time per approach to the
novel object (PN, F(1,33) = 6.17, p = 0.018), an effect largely
attributable to postnatal CAPS only (CAPS/Air) exposure (PN
× AD, F(1,33) = 3.70, p = 0.063; post hoc p < 0.05). This oc-
curred in conjunction with a postnatal CAPS-based (CAPS/Air
and CAPS/CAPS) increase in the number of approaches to the
novel object (PN, F(1,32) = 8.15, p = 0.008) as compared with
females receiving postnatal air (Air/Air; Air/CAPS).

Spontaneous Locomotor Behavior

Males. Adult CAPS exposure (Air/CAPS and
CAPS/CAPS) significantly reduced horizontal activity
levels in comparison to adult air exposure (Fig. 5; AD, F(1,37)
= 5.14, p = 0.03). No systematic treatment-related differences
in ambulatory or vertical activity were observed in male mice.

Females. A cumulative effect of CAPS/CAPS was observed
in females, i.e., activity levels were not significantly affected
by postnatal or adult CAPS alone, but only by the combination
(Fig. 5, bottom row; PN × AD, F(1,36) = 4.83, p = 0.035) with
comparable trends for reduced horizontal activity (PN × AD,
F(1,36) = 3.62, p = 0.065) compared with air-treated females.
CAPS/Air exposed females had lower vertical activity levels
during session 3 compared with Air/Air females (PN × AD ×
S, F(2,72) = 4.87, p = 0.01, post hoc p < 0.05).

Corticosterone

Males. Serum corticosterone increased with age (F(1,37) =
70.03, p < 0.0001) in males (Fig. 6, left). At PND60, CAPS/Air
exposed males had lower serum corticosterone levels than did
Air/Air males (PN × AD, F(1,37) = 10.28, p = 0.003; Group
× Time point, F(6,74) = 2.97, p = 0.01, post hoc p < 0.05).
At 6 months of age, Air/CAPS males had lower corticosterone
levels than did CAPS/Air males (post hoc p < 0.05). Serum cor-
ticosterone levels of all CAPS treated groups were lower than
those of Air/Air males at the time of sacrifice (post hocs p <

0.05).

Females. Serum corticosterone levels also increased with
age in females (Fig. 6, right; F(1,38) = 28.9, p < 0.0001), with
those exposed to postnatal CAPS having generally higher levels
of serum corticosterone overall (PN, F(1,38) = 6.61, p = 0.01).

Monoamine and Amino Acid Neurochemistry

Plots of changes in monoamines and amino acids depicted
in Figures 7 and 8 present only those neurotransmitters within
each region that showed significant effects of CAPS.

Frontal Cortex

Males. Cortical levels of DA turnover (Fig. 7) were nearly
increased by both postnatal (PN, F(1,37) = 3.93, p = 0.055)
and significantly increased by adult exposures (AD, F(1,37)

= 4.75, p = 0.036), with similar but nonsignificant trends for
DOPAC. Postnatal CAPS (CAPS/Air and CAPS/CAPS) sig-
nificantly reduced frontal cortical NE (PN, F(1,37) = 5.56, p
= 0.03). Adult only treatments also had impacts, in this case
significantly reducing cortical DA levels (AD, F(1, 37) = 5.7,
p = 0.02). Levels of cortical glutamate, glutamine, and GABA
(Fig. 8) were increased in response to postnatal CAPS relative
to Air (PN on glutamate: F(1,37) = 9.03, p = 0.005; on glu-
tamine: F(1,37) = 11.91, p = 0.001, on GABA: F(1,37) = 5.6,
p = 0.02), whereas the glutamine:glutamate ratio was reduced
(on Gln/Glu: F(1,37) = 19.34, p < 0.0001).

Females. Cortical NE was reduced by postnatal CAPS (PN,
F(1,34) = 7.27, p = 0.0108). No other significant monoamine
changes were found. Cortical glutamate, glutamine, and GABA
(Fig. 8) were increased by postnatal CAPS (PN: glutamate:
F(1,34) = 9.7, p = 0.004; glutamine: F(1,34) = 10.4, p =
0.003; GABA: F(1,34) = 7.57, p = 0.009), whereas the glu-
tamine:glutamate ratio was increased in response to adult expo-
sure (AD, F(1,34) = 6.87, p = 0.01).

Hippocampus

Males. No treatment related changes in monoamines were
seen in male hippocampus (Fig. 7). However, glutamate was
increased (Fig. 8; PN × AD, F(1,34) = 4.20, p < 0.048, post
hocs p < 0.05), and the glutamine:glutamate ratio decreased se-
lectively by CAPS/CAPS in males (F(1,34) = 5.11, p = 0.03,
post hocs p < 0.05). No treatment-related changes in glutamine,
or GABA were observed.

Females. Monoamine changes in hippocampus in females
were observed as postnatal and adults CAPS-induced increases
in NE (Fig. 7, PN, F(1,34) = 11.74, p = 0.0016; AD, F(1,34)
= 6.28, p = 0.02) and to selective increases in CAPS/CAPS fe-
males in DOPAC levels relative to Air/Air and Air/CAPS fe-
males (PN × AD, F(1,34) = 5.50, p = 0.03, post hocs p < 0.05).
Adult only CAPS (Fig. 8; Air/CAPS) selectively increased hip-
pocampal glutamate in females (PN × AD, F(1,34) = 5.71, p =
0.02; post hocs p < 0.05), whereas postnatal CAPS (Air/CAPS,
CAPS/CAPS) reduced hippocampal glutamate compared with
Air/Air (p < 0.05 for each). The glutamine:glutamate ratio was
increased by postnatal CAPS in females (PN, F(1,34) = 112.29,
p < 0.0001).

Olfactory Bulb

Males. Olfactory bulb levels of DA and HVA were de-
creased by any CAPS treatment compared with Air/Air (Fig.
7; DA: PN × AD, F(1,34) = 10.11, p = 0.003, post hocs p <

0.05; HVA: PN × AD, F(1,34) = 9.6, p = 0.004, post hocs p
< 0.05), whereas NE increased (PN, F(1,34) = 4.43, p = 0.04),
and 5-HIAA was marginally reduced (PN, F(1,34) = 4.08, p =
0.0506) in response to postnatal CAPS.
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FIG. 5. Ambulatory, horizontal, and vertical activity in male and female mice exposed to postnatal CAPS, adult CAPS, or their combination. Reported as
total beam breaks across session ± SE. PN or AD indicates statistical main effect of postnatal or adult treatment, respectively. PN × AD indicates statistical
interaction of the treatments. * denotes statistical significance from Air/Air, ∼ denotes statistical significance from Air/CAPS, + denotes statistical significance
from CAPS/Air, and ∧ denotes statistical significance from CAPS/CAPS.

Females. As with males, any CAPS treatment decreased
HVA relative to Air/Air (Fig. 7; PN × AD: F(1,34) = 4.80,
p = 0.03, post hocs p < 0.05). DA TO was increased by post-
natal CAPS (PN, F(1,34) = 15.59, p = 0.0004), with a similar
but nonsignificant trend for DOPAC, whereas adult only expo-
sure (Air/CAPS) selectively reduced DA (PN × AD, F(1,34)
= 9.81, p = 0.001, post hocs p < 0.05).

Hypothalamus

Males. Any CAPS treatment was found to reduce hypotha-
lamic NE in males (Fig. 7, PN × AD, F(1,37) = 4.57, p = 0.04,
post hocs p < 0.05), whereas HVA showed similar trends (PN
× AD, F(1,16) = 5.44, p = 0.03, post hocs p < 0.05), but these
were significant only in the Air/CAPS and CAPS/Air groups.
DA was reduced by postnatal CAPS (PN: F(1,37) = 4.32, p =
0.045). Postnatal CAPS also marginally reduced hypothalamic
5-HT (PN, F(1,37) = 3.90, p = 0.056).
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FIG. 6. Serum corticosterone in male (left) and female (right) animals exposed to Air/Air, Air/CAPS, CAPS/Air, or CAPS/CAPS 24 h following cessation
of adult exposure (point 1), at 6 months of age (point 2) or upon sacrifice (point 3). Reported as group mean ± SE. PN or AD indicates statistical main effect
of postnatal or adult treatment, respectively. PN × AD indicates statistical interaction of the treatments. Group indicates a main effect of group. Group × Age
indicates a statistical interaction of group × age. * denotes statistical significance from Air/Air, ∼ denotes statistical significance from Air/CAPS, + denotes
statistical significance from CAPS/Air, and ∧ denotes statistical significance from CAPS/CAPS.

Females. Postnatal CAPS increased hypothalamic levels of
NE, DOPAC, and DA TO in females (PN on NE: F(1,34) =
10.98, p < 0.0001; on DOPAC: F(1,34) = 10.32, p = 0.003; on
DA TO: F(1,33) = 6.67, p = 0.01).

Midbrain

Males. Midbrain NE was markedly increased by postnatal
CAPS in males (Fig. 7; PN, F(1,37) = 15.66, p = 0.0003) and
HVA was selectively increased by CAPS/CAPS (PN × AD,
F(1,37) = 4.24, p = 0.047, post hocs p < 0.05). 5-HIAA was
decreased in postnatal CAPS exposed males (main effect PN,
F(1,37) = 6.36, p = 0.02).

Females. Air/CAPS females had increased midbrain NE
compared with all other treatment groups (PN × AD, F(1,34)
= 6.67, p = 0.014, post hocs p < 0.05), but no other changes
were noted.

Striatum

Males. The most uniform effects of CAPS in males occurred
in striatum, where virtually every monoamine was affected (Fig.
7). Postnatal CAPS decreased striatal NE and 5-HT, and in-
creased DOPAC and DA TO (PN on NE: F(1,37) = 6.63, p
= 0.014; on 5-HT F(1,37) = 10.59, p = 0.002; on DOPAC:
F(1,37) = 4.21, p = 0.047; on DA TO: F(1,37) = 4.81, p =
0.035). Striatal DA was reduced by Air/CAPS and CAPS/Air
treatments (PN × AD F(1,37) = 5.96, p = 0.02, post hocs p

< 0.05), whereas HVA was decreased only by postnatal CAPS
alone (CAPS/Air) (PN × AD, F(1,37) = 4.38, p = 0.04 post
hoc p < 0.05). Striatal 5-HIAA was decreased by any CAPS
treatment (PN × AD, F(1,37) = 8.43, p = 0.006, post hocs p <

0.05).

Females. The only monoamine change in striatum in females
was a postnatal CAPS-induced increase in NE (PN, F(1,34) =
11.66, p = 0.002).

Correlations Between Neurochemical Changes and FI
Performance

Males. Given the pronounced changes in FI performance
with the CAPS/Air group, correlations were examined between
performance during the final session of FI60I and brain neu-
rotransmitter levels (Fig. 9). The focus included both correla-
tions in the CAPS/Air group not seen with Air/Air, and cor-
relations in the Air/Air group that were no longer present in
the CAPS/Air group. Interestingly, cortical DOPAC and DA
TO were positively correlated with overall rate in CAPS/Air-
exposed mice, with r2 values of 0.42 and 0.386, respectively, but
not in any other treatment groups. Additionally, the hippocam-
pal glutamine/glutamate ratio showed a more negative slope for
both overall rate (p = 0.004, r2 = 0.59) and run rate (p = 0.016,
r2 = 0.57) in CAPS/Air males than in Air/Air males (p = 0.027,
r2 = 0.66 and p = 0.045, r2 = 0.59, respectively). In contrast,
the negative correlations between hypothalamic DOPAC and
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FIG. 7. Monoamine neurotransmitters and metabolites in male and female Air/Air, Air/CAPS, CAPS/Air, and CAPS/CAPS animals. Data reported as
group mean ± SE. DA TO calculated as [DOPAC]/[DA]. Reported in ng neurotransmitter or metabolite/mg protein. PN or AD indicates statistical main effect
of postnatal or adult treatment, respectively. PN × AD indicates statistical interaction of the treatments. * denotes statistical significance from Air/Air, ∼ denotes
statistical significance from Air/CAPS, + denotes statistical significance from CAPS/Air, and ∧ denotes statistical significance from CAPS/CAPS.

run rate (p = 0.044, r2 = 0.59) and between midbrain DA and
IRTS (p = 0.016, r2 = 0.72), as well as the positive correlation
between striatal DA TO and postreinforcement pause time (p
= 0.031, r2 = 0.64) in Air/Air mice were not evident in other
treatment groups.

Females. Given the pronounced effects of Air/CAPS in fe-
males, correlations were examined between performance dur-
ing the final session of FI60I and brain neurotransmitter levels
(Fig. 10). The focus included both correlations in the Air/CAPS
group not seen with Air/Air, and correlations in the Air/Air
group that were no longer present in the Air/CAPS group. For
Air/CAPS females, significant positive correlations were noted
between cortical NE and both overall rate (p = 0.026, r2 =
0.86) and run rate (p = 0.016, r2 = 0.72) that were not found
in Air/Air females. As with males, hypothalamic DOPAC was
positively correlated with run rate (p = 0.019, r2 = 0.70) in
Air/CAPS, but not Air/Air females. IRTs of Air/Air females

were positively correlated with hippocampal DOPAC (p =
0.023, r2 = 0.54), an effect no longer evident with Air/CAPS
exposure, where instead IRT times were significantly positively
associated with striatal DA levels (p = 0.035, r2 = 0.54).

Glial Activation

Males. Microglial activation occurred in both the corpus
callosum and cortex from CAPS exposure (Fig. 11). Specifi-
cally, IBA-1 was prominently increased in corpus callosum in
Air/CAPS and CAPS/Air males (PN× AD, F(1,13) = 5.06,
p = 0.043; post hocs p < 0.05), with a similar trend in the
CAPS/CAPS group, whereas cortical IBA-1 was increased in
mice that received postnatal CAPS (PN, F(1,14) = 7.14, p =
0.018). A trend towards adult CAPS-induced increased GFAP
in male frontal cortex was observed (F(1,14) = 3.13, p = 0.098),
but no effect on GFAP in the corpus callosum were seen. No
treatment-related effects on GFAP or IBA-1 immunoreactivity
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FIG. 8. Cortical hippocampal glutamate, glutamine, glutamine:glutamate, and GABA in male and female Air/Air, Air/CAPS, CAPS/Air, and CAPS/CAPS
mice as indicated. Data reported group mean ± SE. Reported in ng analyte/mg protein. Glutamine:glutamate ratio calculated as [glutamine]/[glutamate]. PN or
AD indicates statistical main effect of postnatal or adult treatment, respectively. PN × AD indicates statistical interaction of the treatments. * denotes statistical sig-
nificance from Air/Air, ∼ denotes statistical significance from Air/CAPS, + denotes statistical significance from CAPS/Air, and ∧ denotes statistical significance
from CAPS/CAPS.

were observed in the other examined brain regions (data not
shown).

Females. No IBA-1 changes were seen in either cortex or
corpus callosum in females. However, cortical GFAP in fe-
males was increased by postnatal CAPS (PN, F(1,17) = 6.4, p
= 0.021), as were trends towards adult CAPS-induced increases
in GFAP in corpus callosum (AD, F(1,17) = 1.42, p = 0.055).
No treatment-related changes were observed in other examined
brain regions (data not shown).

DISCUSSION

Collectively, this study demonstrates that low level expo-
sures to ultrafine particles early in development can produce
persistent changes in CNS functions that include long-term
impairment in measures of learning,/short-term memory, of
an impulsivity-linked behavior (FI) and motor function, as
well as sustained alterations in brain neurochemistry consis-
tent with a marked glutamate-dopamine imbalance, particu-
larly in frontal cortex, a region critical to mediation of cogni-
tive functions. Moreover, changes in GFAP and IBA-1 indicate
a sustained cortical and corpus callosum glial activation, and
decrements in corticosterone indicate hypothalamic-pituitary-
adrenal (HPA) axis dysfunction, consistent with prior reports
(Clougherty et al., 2010; Thomson et al., 2013). The observed

changes were highly sex-dependent suggesting a potential in-
teraction with neuroendocrine systems that warrants further in-
vestigation.

CAPS altered FI performance in a sex- and time-dependent
manner, with greater sensitivity of males to early postnatal ex-
posures, and females to adult exposures. The transition between
FI values across sessions, moreover revealed postnatal CAPS-
induced changes in females. These alterations could be con-
sidered consistent with altered learning and reduced behavioral
flexibility. Behavioral inflexibility is a phenotype observed in
autism (Memari et al., 2013), bipolar disorder (Weathers et al.,
2013), and schizophrenia (Thoma et al., 2007), and air pol-
lution has been associated with both schizophrenia (Pedersen
et al., 2004) and autism (Becerra et al., 2013; Volk et al., 2011,
2013). These results support our prior study showing prefer-
ence of CAPS-exposed mice for immediate reward (Allen et al.,
2013), a type of impulsive behavior, given that FI performance
has been shown to be a surrogate for impulsivity (Darcheville
et al., 1992, 1993), indicating the potential susceptibility of this
behavior.

We have previously demonstrated the critical role of the
mesocorticolimbic system in mediating FI performance (Cory-
Slechta et al., 1997, 1998, 2002; Evans and Cory-Slechta,
2000). Mesocorticolimbic circuit function is dependent upon
maintenance of a dopamine/glutamate, or inhibitory/excitatory
balance (Lupinsky et al., 2010; Tye et al., 2013; Wang



DEVELOPMENTAL AIR POLLUTION NEUROTOXICITY 173

FIG. 9. Selected neurochemistry and corticosterone regressed against FI measures in male mice exposed to Air/Air and CAPS/Air. Statistically significant
(p < 0.05) regressions and associated r2 and p values are listed in the body of the graph in dashed boxes for the CAPS/Air group and in solid lines for the Air/Air
group.

et al., 2012) important to mediation of behavioral flexibility
(Chen et al., 2013; Gruber et al., 2010). Prefrontal dopamine-
glutamate imbalance is considered to be a key mechanism in
schizophrenia (Kehrer et al., 2008; Riederer et al., 1992). In-
deed, changes in mesocorticolimbic dopamine and glutamate
systems were produced by CAPS in both sexes that would
be expected to contribute to the observed behavioral toxici-
ties (Antunes and Biala, 2012; Cory-Slechta et al., 1997, 1998,
2002; Evans and Cory-Slechta, 2000). Indeed, significant cor-
relations between, e.g., cortical dopaminergic neurotransmit-
ter levels and hippocampal glutamine/glutamate ratios with FI
overall and run rates in CAPS/Air males, and of cortical NE in
females were found. Additionally, marginally increased cortical
glutamate/dopamine ratios in PN CAPS males (p = 0.09), and

a significant PN and AD (p = 0.004 and 0.0026, respectively)
CAPS-related increase in females was seen.

Importantly, these changes in central neurotransmitters also
extend to the olfactory bulb and hypothalamus, interactive brain
regions (Mucignat-Caretta, 2010). Olfactory bulbectomy has
been utilized as a model of depression (Hellweg et al., 2007),
and alterations in olfactory bulb monoamines impact aggressive
behaviors (Garris, 2003). The olfactory bulb is also influenced
by excitatory amino acid receptors (Castro et al., 2007) and its
activity influences amygdala, frontal cortex, nucleus accumbens
and hippocampus (Hellweg et al., 2007). Future studies should
examine animal models of both depression and aggressive be-
havior.
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FIG. 10. Selected neurochemistry and corticosterone regressed against FI measures in Air/Air and Air/CAPS females. Statistically significant (p < 0.05)
regressions and associated r2 and p values are listed in the body of the graph in dashed boxes for the CAPS/Air group and in solid lines for the Air/Air group.

Notably, both sexes showed increased levels of glutamate in
the hippocampus and frontal cortex, consistent with a potential
excitotoxic mechanism for the CNS effects of CAPS. Postnatal
CAPS increased cortical glutamate in both sexes, whereas in-
creases in hippocampus, were seen only in CAPS/CAPS males.
Notably, Air/CAPS females had increased hippocampal gluta-
mate, an outcome that may relate to the increased FI response
rates seen after adult CAPS in females (Moore et al., 1999).
Postnatal CAPS also increased frontal cortex GABA in both
males and females, changes that may relate to alterations seen
in both sexes in NOR performance (Damgaard et al., 2011).
Clearly future studies will be warranted to determine the ex-
tent to which neurochemical changes are directly or indirectly
altered by CAPS and their specific contributions to associated
behavioral toxicity. Such studies would be aided by inclusion of
the current understanding of the known sex differences in both
the structure and function of mesolimbic circuitry.

Given the epidemiological associations between exposure to
ambient air pollutants and memory impairment in adults (Chen
and Schwartz, 2009; Wellenius et al., 2012; Weuve et al., 2012)
and children (Suglia et al., 2008; van Kempen et al., 2012), we
sought to determine if postnatal CAPS and/or adult CAPS ad-
versely impacted learning/short term memory using an NOR
paradigm. Although some differences were evident, generally
consistent effects of CAPS were found in males and females,
with CAPS/Air reducing time spent with the novel object and
less time per approach to the novel object in trial 2. Females
also had an increased number of approaches to the novel object.
Thus, CAPS/Air females approached the novel object more of-
ten, but spent less time with the novel object. Although these
altered behavior patterns in both sexes are consistent with short-
term memory loss, they may also suggest a fear-like response
to the novel object. Interestingly, hippocampal glutamate has
been demonstrated to be critical to the mediation of NOR per-
formance (Cohen et al., 2013), and thus these deficits may re-



DEVELOPMENTAL AIR POLLUTION NEUROTOXICITY 175

FIG. 11. Cortical and corpus callosum astrocyte (GFAP) and microglial/macrophage (IBA-1) activation in CAPS-exposed males and females in indicated
treatment groups with representative images of GFAP and IBA1 immunostaining. Relative quantification of GFAP and IBA-1 immunoreactivity in the corpus
callosum cortex (left) and corpus callosum (right) of Air/Air, Air/CAPS, CAPS/Air, and CAPS/CAPS exposed males and females. PN or AD indicates statistical
main effect of postnatal or adult treatment, respectively. PN × AD indicates statistical interaction of the treatments. * denotes statistical significance from Air/Air,
∼ denotes statistical significance from Air/CAPS, + denotes statistical significance from CAPS/Air, and ∧ denotes statistical significance from CAPS/CAPS.

flect the alterations in hippocampal glutamate function, par-
ticularly in females, where PN CAPS reduced levels of gluta-
mate but increased the glutamine:glutamate ratio, a reflection of
turnover. The current findings are consistent with a recent report
of nanoparticle rich diesel exhaust exposure-induced deficits in
NOR in female mice compared with air-exposed controls (Win-
Shwe et al., 2012), although an unexplained finding of that study
was that filtered diesel exhaust produced similar impairments.

Patterns of CAPS-related changes in locomotor activity did
not correspond to those seen in either FI or NOR performance
and were thus not likely behavioral mechanisms of these effects.
Specifically, adult CAPS exposures reduced horizontal activity
in males, but NOR and FI performance impairments were seen
in postnatally exposed CAPS groups. In females, a cumulative
reduction in ambulatory and vertical (rearing) counts occurred
with combined postnatal and adult exposures (CAPS/CAPS)
but not either alone, whereas FI and NOR performance changes
occurred in response to adult CAPS, and PN only CAPS was
associated with reduced NOR performance.

The hypothalamic-pituitary-adrenal (HPA) gland axis is the
mammalian stress-response system; in mice, HPA axis devel-
opment occurs in two stages during early postnatal life that

includes an early stress hypo-responsive period, thought to be
centrally mediated, from approximately PNDs 4–14 (Sapolsky
and Meaney, 1986), a time period encompassed by our expo-
sure paradigm. The HPA axis shows prominent sex differences
(Yoshimura et al., 2003) and can be influenced by excitatory
amino acids during this period (Chautard et al., 1993). HPA
axis activation produces inflammation with potential behav-
ioral and neurological consequences (Silverman and Sternberg,
2012). Thus, serum corticosterone, the major murine stress-
response hormone, was measured at three time points across the
lifespan. As with other outcomes, postnatal CAPS influenced
serum corticosterone in a sex-dependent manner. CAPS/Air
males showed lower corticosterone levels at PND60, and by
the time of sacrifice, lower corticosterone levels were evident
in all CAPS-treated groups, demonstrating that CAPS at either
postnatal or adult life stages alters the age-related trajectory
of HPA axis function. Postnatal CAPS-treated females gener-
ally sustained higher corticosterone levels across time, consis-
tent with HPA axis hyperreactivity. Interestingly the immune
system interacts with the HPA axis across the neuro-immuno-
endocrine axis (Costa-Pinto and Palermo-Neto, 2010), which
may have implications for neuroinflammation and propagation
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of a CAPS-induced inflammatory event in the CNS or else-
where. It will be important to determine whether the HPA axis
represents a direct toxicological target of CAPS, or perhaps a
response to alterations in excitatory amino acid function in un-
derstanding CNS mechanisms of CAPS.

An additional notable finding was the persistent glial activa-
tion observed in corpus callosum and cortex of CAPS-exposed
mice, observed months posttermination of exposure consistent,
with a sustained neuroinflammatory state. IBA-1, a marker of
brain microglia and macrophages was increased in the cor-
tex of males receiving postnatal CAPS and in corpus callosum
of Air/CAPS and CAPS/Air males, consistent with a CAPS-
induced increased macrophage (i.e., microglial) presence in
the brain. In females, postnatal CAPS increased frontal cortex
GFAP, and adult CAPS increased corpus callosum GFAP lev-
els. Such neuroinflammation, in addition to being present in
neurodevelopmental disorders such as autism (Morgan et al.,
2010; Rodriguez and Kern, 2011) and schizophrenia (Cropley
et al., 2013; Rao et al., 2013), is also a component of age-related
neurodegenerative diseases, including Alzheimer’s and Parkin-
son’ disease, multiple sclerosis, Huntington’s disease and amy-
otrophic lateral sclerosis (Frank-Cannon et al., 2009; Hirsch
et al., 2012; Li et al., 2011). Thus, the current findings raise the
question as to the extent that developmental CAPS exposures
may also contribute to the subsequent onset of neurodegener-
ative diseases. The glial changes in the corpus callosum were
discovered incidentally while examining the mesocorticolimbic
structures of the brain. The corpus callosum is a central white
matter tract that is largely responsible for interhemispheric com-
munication. Neuropathology or dysfunction in the corpus cal-
losum has been implicated in a number of neurological condi-
tions including both schizophrenia and autism (Newbury and
Rosen, 2012). Functional disconnectivity, or an aberrant change
in connectivity in the central nervous system such that typical
neurotransmission is disrupted, is one putative mechanism by
which corpus callosum pathology is thought to elict neurologi-
cal dysfunction. Interestingly, CAPS induces both corpus callo-
sum glial changes and widespread, multi-brain system changes
in both monoamine and amino acid neurotransmitters which is
consistent with functional disconnection; however, further and
more in depth study into this question is required.

Collectively, these data demonstrate persistent neurotoxic
changes in response to CAPS during the early postnatal period,
young adulthood, or the combination. CAPS produced changes
in a sex-specific manner, underscoring the necessity of exam-
ining the effects of toxicants in both males and females. Al-
though the molecular mechanism of CAPS-induced neurobe-
havioral toxicity remains to be fully elucidated, our evidence,
coupled with that of others, suggests that exposure to ambient
air pollutants in the context of neurodevelopment and/or adult-
hood may represent a significant and as yet underexplored risk
factor for CNS diseases/disorders. If so, air pollution may con-
stitute a significant public health threat even beyond current ap-
preciation.
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