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Abstract

Background: Recent epidemiological studies indicate early-life exposure to pollution particulate is associated with
adverse neurodevelopmental outcomes. The need is arising to evaluate the risks conferred by individual components
and sources of air pollution to provide a framework for the regulation of the most relevant components for
public health protection. Previous studies in rodent models have shown diesel particulate matter has neurotoxic potential
and could be a health concern for neurodevelopment. The present study shows an evaluation of pathological
and protracted behavioral alterations following neonatal exposure to aerosolized diesel exhaust particles (NIST
SRM 1650b). The particular behavioral focus was on temporal control learning, a broad and fundamental cognitive domain
in which reward delivery is contingent on a fixed interval schedule. For this purpose, C57BL/6 J mice were
exposed to aerosolized NIST SRM 1650b, a well-characterized diesel particulate material, from postnatal days
4–7 and 10–13, for four hours per day. Pathological features, including glial fibrillary-acidic protein, myelin
basic protein expression in the corpus callosum, and ventriculomegaly, as well as learning alterations were
measured to determine the extent to which NIST SRM 1650b would induce developmental neurotoxicity.

Results: Twenty-four hours following exposure significant increases in glial-fibrillary acidic protein (GFAP) in
the corpus callosum and cortex of exposed male mice were present. Additionally, the body weights of juvenile and early
adult diesel particle exposed males were lower than controls, although the difference was not statistically significant. No
treatment-related differences in males or females on overall locomotor activity or temporal learning during adulthood
were observed in response to diesel particulate exposure.

Conclusion: While some sex and regional-specific pathological alterations in GFAP immunoreactivity suggestive
of an inflammatory reaction to SRM 1650b were observed, the lack of protracted behavioral and pathological
deficits suggests further clarity is needed on the developmental effects of diesel emissions prior to enacting
regulatory guidelines.

Background
Air pollution is a heterogeneous mixture of gases, volatile
organic compounds, and particulates, all have the poten-
tial to influence the development of the central nervous
system (CNS). The ultrafine fraction of pollution particu-
late (UFPs, < 0.1 μm) is considered to be the most toxic, as
UFPs can achieve higher particle count concentrations
and surface area at the same mass as the larger fractions,
fine (< 2.5 μm) and coarse (< 10 μm) particulate matter [1].

UFPs are shown to deposit with high efficiency in the al-
veolar region of the lungs where they can pass through
the lung epithelium and from there may become retained
in the interstitium or translocate to the capillaries [2–4].
The UFPs retained in the lung have the potential to induce
local inflammatory events that can trigger systemic alter-
ations in secondary and tertiary messengers, chemokines,
and cytokines which can adversely influence distal organs,
such as the CNS. Alternatively UFPs have been shown to
directly enter the CNS via the olfactory epithelium [5, 6].
Either through distal inflammatory pulmonary events that
induce systemic inflammation or direct induction of
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damage to the CNS, UFPs can potentially influence CNS
development [7–11], a critical period of neuro- and glia-
genesis, cell migration, and cell differentiation.
Early-life exposure to pollution particulate is linked

to adverse neurodevelopmental outcomes in humans,
including hyperactivity, cognitive outcomes, and autism
spectrum disorder (ASD). Increased exposure to elem-
ental carbon from traffic sources during the first year of
life was associated with an increase in hyperactivity
score on the Behavioral Assessment for Children [12].
Another study in Boston found ambient black carbon
exposure through early life was associated with de-
creases in visual and verbal learning on the Wide Range
Assessment of Memory and Learning [13]. Several
studies in Los Angeles have linked pre- and post- natal
exposure to traffic-derived pollution particulate to an
increased risk of developing ASD [14, 15]. These epi-
demiological studies have been complemented by devel-
opmental rodent models showing exposure to ambient
fine and ultrafine particles can lead to neuroinflamma-
tion [8, 9, 16], white matter damage [10, 17], impulsiv-
ity [7], and cognitive dysfunction [18]. However, the
exact constituent within ambient pollution particulate
or its producers that may be contributing directly to
adverse neurodevelopment outcomes is unclear. Deter-
mining which potential sources are major contributors
to developmental neurotoxicity is critical for imple-
menting a practical regulatory framework in mitigating
the harm induced by exposure to pollution particulate.
One potential source that may contribute to the neuro-

toxic potential of pollution particulate is diesel exhaust
particles. Diesel exhaust is a particular concern for public
health as it is a substantial contributor to the ultrafine
emission fraction on highways within the United States
[19–21]. Off- and on-road diesel emissions have been esti-
mated to contribute > 50% of the ambient black carbon
within the Los Angeles and San Francisco Bay Area in
2010 [22]. Furthermore in Baltimore, diesel emissions
were estimated to contribute 6.6–14.1% of the total fine
particle matter concentration [19]. Diesel particulate mat-
ter has also been shown to be a potential contributor to
pulmonary and cardiovascular toxicological outcomes in
urban areas nationwide [19]. In Atlanta, diesel emissions
have been linked to an increase in emergency department
visits for asthma and wheezing [20]. The direct link be-
tween diesel particulate matter and effects on the human
CNS is limited, although one study found acute exposure
to high level of diesel exhaust particles altered electroen-
cephalography readings in the frontal cortex of healthy
volunteers [21].
The diesel particulate material used in this study

was NIST SRM 1650b, a diesel particulate material
generated in 1984 by direct injection four-cycle diesel
engines within a dilution tube facility and collected

directly from the heat exchangers [23]. NIST SRM 1650b
is well-characterized, including known polycyclic aromatic
hydrocarbons (PAH) [23], reactive metal content [24], as
well as the relative ratio of organic and elemental carbon
content [25]. Some of the characterized PAH found in
NIST SRM 1650b are known to be neurotoxicants, includ-
ing benzo[a]pyrene [26, 27] and fluoranthene [28]. NIST
SRM 1650b’s characterized mean particle diameter is
0.18 μm with a strong peak in the ultrafine range [23],
making it ideal in investigating the neurotoxic potential of
diesel particulate matter. Overall NIST SRM 1650b can be
considered a general representative of heavy equipment
diesel emissions and is still currently used as a reference
material for a variety of studies characterizing modern
day particulate emissions [29–31]. Additionally, studies
have shown NIST SRM diesel materials can recapitulate
some rudimentary toxicological effects of modern diesel
fuel, including in vitro ROS generation in a human cell
line and in vivo pulmonary inflammatory cytokine
increase [32, 33].
The toxicological consequences of NIST SRM 1650b,

particularly with regards to pulmonary effects, have been
previously explored through in vitro and in vivo studies.
Direct application of NIST SRM 1650b to A549 type II epi-
thelial cells increased the release of lactate dehydrogenase
(LDH), a marker of cell damage, and DNA damage as mea-
sured by the Comet Assay [34]. Another study found the
application of NIST SRM 1650b to human bronchial epi-
thelial cells led to similar outcomes as diesel exhaust par-
ticulate from a modern European car, including a release of
LDH at similar doses and an increase in granulocyte
macrophage colony stimulating factor release [35]. A single
nose-only inhalation exposure of BALB/c mice to 20mg/
m3 NIST SRM 1650b increased IL-6, CXCL1 expression
[36], and heme oxygenase expression within the lung [37].
A paucity of research exists with regards to effects of
NIST SRM 1650b specifically on the CNS, though one
study found direct application of NIST SRM 1650b to
human brain endothelial cells, an in vitro blood brain
barrier model, decreased cell viability and increased
ROS generation [38]. The current literature suggests
potential mechanisms, both indirectly and directly, by
which NIST SRM 1650b could potentially induce devel-
opmental neurotoxicity.
Given the relevance of diesel as a substantial contributor

to pollution particulate within urban areas and the epi-
demiological evidence demonstrating ambient pollution
particulate exposure is associated with adverse neuro-
developmental outcomes, it is useful from a regulatory
perspective to evaluate whether diesel particle expos-
ure alone can drive those outcomes. The purpose of
the proposed study is to investigate if early-life exposure to
diesel particulate matter at a high but human relevant-dose
can invoke neurodevelopmental pathologies, including
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neuroinflammation, white matter disruption, ventricu-
lomegaly, as well as protracted learning dysfunction.
The exposure period is equivalent to the perinatal win-
dow in humans [30], a critical window of development
within the CNS, including the formation of the blood-
brain-barrier [39], gliagenesis [40], and gray matter
growth [41, 42]. Previous studies have shown diesel
particles can induce neuroinflammatory-like events, in-
cluding disrupting the blood-brain-barrier integrity [43,
44], increasing inflammatory cytokine expression within
the CNS [45, 46], and prime glial activation [47, 48],
suggesting some plausibility the diesel particulate matter
exposure during a vulnerable period can lead to protracted
CNS dysfunction. The learning paradigm utilized in the
present study is the fixed interval schedule, an effective
assay at detecting the protracted learning effects of a
wide-range of developmental environmental toxicants, in-
cluding lead [49, 50], methylmercury [51, 52], and poly-
chlorinated biphenyls [53, 54].

Results
Exposure
A sample size distribution of the particles collected dur-
ing an exposure session is shown in Fig. 1a. The average
count median diameter (CMD) across all exposure days
was 105.8 ± 6.52 nm with an average GSD of 1.67 and
the average mass concentration was 100 ± 0.013 μg/m3.
The transmission electron microscopy (TEM) images of
the collected aerosolized NIST SRM 1650b show a het-
erogeneous mixture of particles of different sizes and
morphologies (Fig. 1b).

Pathology
Levels of GFAP immunoreactivity in the corpus cal-
losum, frontal cortex, and hippocampus are shown
for females (Fig. 2a-c) and males (Fig. 2d-f ). MBP
immunoreactivity in the corpus callosum and ven-
tricle area size is shown for females (Fig. 3a, b) and
males (Fig. 3c, d). There were no significant

treatment-related GFAP immunostaining differences in fe-
males in either the frontal cortex or the corpus callosum.
NIST SRM 1650b females had reduced levels of GFAP im-
munostaining in the CA1 of the hippocampus than the
controls (β = − 1.94, = SE =0.857, p = 0.047, n = 6). Females
exposed to NIST SRM 1650b had higher group mean MBP
immunostaining levels in the corpus callosum, although
differences failed to reach statistical significance
(β = 2.199, SE =0.857, p = 0.101, n = 6). There were no
significant treatment-related differences for ventricle
area in females.
NIST SRM 1650b males had significantly higher levels

of GFAP immunostaining in the corpus callosum
(β = 2.642, SE =1.188, p = 0.050, n = 6) and frontal cortex
(β = 1.963, SE = 0.765, p = 0.028, n = 6) than controls,
while there were no treatment-related differences in the
hippocampus. There were no significant treatment-related
differences in MBP immunostaining levels or ventricle
area size in males.

Body weights
The body weight growth trajectories following weaning
are shown for females (Fig. 4a) and males (Fig. 4b). Stat-
istical analyses revealed no significant treatment-related
differences in weight or growth rate in females during
the post-weaning period. NIST SRM 1650b exposed
males exhibited lower mean body weights throughout
this period but, the differences failed to reach statistical
significance from postnatal days 25–33, (β = − 0.378, SE
= 0.213, p = 0.085, n = 16) or from postnatal days 35–47
(β = − 0.287, SE =0.184, p = 0.129, n = 16).

Locomotor activity
Ambulatory time of mice during the three locomotor
sessions is shown for females (Fig. 5a-c) and males
(Fig. 5d-f ). Neither average ambulatory time nor ac-
tivity habituation (slope) differed significantly different
across exposure groups for either males or females in
any session (n = 16).
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Fig. 1 Exposure Characterization. Size distribution of the NIST SRM 1650b aerosol was produced with the ultrasonic nebulizer and measured with
an electrostatic classifier with an example from one session shown (a). TEM images of SRM aerosol particulate collected on a carbon-coated
copper grid via electrostatic precipitation (b)
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Fixed-interval 60s schedule
All mice learned food-rewarded lever pressing within
two training sessions, without treatment-related differ-
ences in the number of sessions required for training.
The responses per interval and the mean quarter life
across 30 sessions on the fixed-interval (FI) 60s schedule
are shown for females (Fig. 6a, b) and males (Fig. 6c, d).

Females exposed to NIST SRM 1650b exhibited a
decreased learning slope for FI response rates over the
30 sessions but, the reduction did not attain statistical
significance (β = − 0.087, SE = 0.046, p = 0.070, n = 16)
and there were no treatment-related differences in average
response rate across the 30 sessions (Fig. 6a). There were
no significant overall treatment-related differences in
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Fig. 2 Regional GFAP immunoreactivity 24 h after exposure. Relative staining intensity of GFAP in the corpus callosum, cortex, and hippocampus
respectively in females (a, b, c) and males (d, e, f). n = 6 mice/sex/treatment group. Representative images of GFAP staining in females and males
(g). Data are reported as group mean staining intensity for each treatment group ± SE
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mean quarter life for females across the 30 sessions (Fig.
6b). For males, there were no significant treatment-related
differences in the learning slope or average across the 30
sessions for either average response rate (Fig. 6c) or mean
quarter life (Fig. 6d). Readout of the individual cumulative
records across the interval length within the final session
are shown (Fig. 6e, f ), with all mice in each treatment
group displaying the classical “scallop” phenotype of the
FI schedule.

Discussion
Given the epidemiological evidence demonstrating an
association between early-life exposure to traffic-de-
rived pollution particulate and adverse neurodevelop-
mental outcomes, including ASD, selective attention
deficits, and impulsivity, it is critical to provide clarity
on the specific sources or constituents of particulate
matter that could contribute to these phenotypes.

Diesel particulate is considered to be a potential
neurotoxic constituent of air pollution with previous
studies demonstrating its neuroinflammatory potential
[43–48]. The present study assessed the effects of
neonatal inhalation exposure to re-suspended diesel
exhaust particles on early life growth, as well as brain
pathological measures and protracted learning deficits.
The present study utilized a targeted exposure mass
concentration, 100 μg/m3, for neonatal mice that was
calculated via MPPD to be an equivalent pulmonary
deposition dose to a young human child exposed to
13 μg/m3over 24 h. This dose has relevance as it is
only slightly higher than the PM mass fraction of
diesel particulate within the United States, which is
estimated to be anywhere between 1 and 10 μg/m3

[19, 55–57]. Overall only minor differences between
exposed and control mice were observed, with a dis-
tinct lack of protracted behavioral and learning
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alterations following diesel exhaust particulate matter
exposure.
The increase in GFAP immunoreactivity levels in the

treated males frontal cortex and corpus callosum could
potentially indicate an inflammatory response to the NIST
SRM 1650b exposure which, has been shown in previous
ambient developmental exposures to fine and ultrafine
particles [8, 9, 16]. This also supports previous evidence
diesel particle exposure can lead to inflammatory out-
comes within the CNS [43, 44, 47, 58]. The decrease of
GFAP immunoreactivity in the CA1 of the NIST SRM
1650b females’ hippocampus was unexpected and could
potentially result from a loss of astrocytes, a reduction of
astrocyte processes, and/or growth within the region.
Interestingly, a previous study found exposure to ultrafine
particulate matter in young female C57BL/6 mice led to
neurite atrophy and a decrease in glutamate receptor
expression, a receptor found prominently on astrocytes
within the CA1 region of the hippocampus [59]. Despite
the pathological changes in males and females immedi-
ately following exposure, it seems unlikely these produce
long-term CNS functional changes, as there were no sig-
nificant treatment-differences on the locomotor assay or
learning phenotypes on the fixed interval schedule. The
potential exists for other behavioral domains to be af-
fected, such as short-term memory assessed via a para-
digm like novel object recognition, a question requiring
further consideration.
Despite the suggestive inflammatory results from

NIST SRM 1650b, there was no observed white matter
pathology within the corpus callosum or indication of
ventriculomegaly, a condition that typical co-occurs
with atrophy of the corpus callosum [60]. These patho-
logical conditions are of interest as they are often seen
in children with ASD [61–63] and ADHD [64, 65], the
same disorders linked to adverse neurodevelopmental out-
comes from early-life exposure to pollution particulate
[14, 15, 66]. Additionally, there is some direct preliminary
evidence children exposed to high concentrations of ambi-
ent fine particles in Mexico City had abnormal white
matter pathology and altered fMRI readouts [67–69].
Complementing the human studies, ambient ultrafine
particulate matter in mice, at an exposure equivalent time-
frame to the presented study, has shown deficiencies in
white matter within the corpus callosum, as well as
increased ventriculomegaly [8, 10]. One limitation of the
present study is the pathology was explored only 24 h after
the last day of exposure, based on prior studies that
found traffic-related ultrafine particulate induced
pathological effects in that time frame [8, 9]. There is
the capacity for “silent” neurotoxicity in which an ad-
verse series of underlying key molecular events is ini-
tiated during exposure but the final pathological
changes only manifest in the adolescent or adult

following the completion of development. However
the lack of significant functional learning phenotypes
in adulthood suggests no detrimental pathology devel-
oped. The exact pathways by which pollution particu-
late produces white matter pathology is still unclear
but, the data presented in this study suggests diesel
particulate exposure alone is not a sufficient
contributor.
Although it failed to reach statistical significance, there

was a noticeable sustained decrease in body weight in
males exposed to NIST SRM 1650b during the juvenile/
adolescent period, even though their growth rates were
equivalent to controls. The research investigating the
effects of developmental exposure to diesel exhaust par-
ticles on body weight and growth is mixed. Some studies
utilizing prenatal models of diesel exhaust exposure have
shown a reduction in body weight following weaning
[70], increased body weight in early-adulthood [71], and
no change in body weight in either adolescence or adult-
hood [72, 73]. The exact pathways to these weight alter-
ations is unclear, one reason could be appetitive, with
diesel exhaust shown to increase the release of cortico-
sterone in the presence adrenocorticotropic hormone in
males [74], which is a known inducer of body weight
loss [75]. However, there was no increase or decrease in
response rates with NIST SRM 1650b treated males on
the FI schedule despite substantial food restriction
which, would have been expected if there was a motiv-
ation or appetitive influence from treatment. An alterna-
tive explanation is diesel particles directly influences
metabolism with some studies showing diesel particulate
influences fatty acid metabolism and uptake within the
liver [76, 77]. Further clarification on the early-life ef-
fects of diesel particulate matter on metabolism and
body mass index may be warranted.
Interestingly, though not statistically significant, fe-

males exposed to NIST SRM 1650b had a decrease in
response rate learning on the FI schedule of reward
over time, but no differences in recognizing or respond-
ing appropriately to the temporal aspect of the sched-
ule. A decrease in response rates over time could be
linked to several underlying behavioral mechanisms, in-
cluding hypo-motivation, hypoactivity, and/or attention
impairments. However, the locomotor assay did not
suggest any gross activity-level treatment-related differ-
ences and attention impairments is unlikely given the
NIST SRM 1650b females still recognized the temporal
aspect of the schedule as demonstrated through mean
quarter life values equivalent to controls. This study is
not the first to show a lack of significant behavioral
outcomes with regards to diesel particle exposure. In a
previous study, gestational inhalation exposure to
re-suspended NIST SRM 2975 diesel particulate mater-
ial did not produce any learning deficits in the offspring
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as assessed using a Morris water maze paradigm [70].
The data presented in this study suggest the diesel
particulate alone, even during a critical period of de-
velopment, may not be sufficient to induce substantial
protracted cognitive dysfunction.
One of the primary limitations of the NIST SRM 1650b

is it does not contain volatile and semi-volatile diesel spe-
cies generated from combustion and its interactions with
particulates cannot be examined with aged material and
can only be captured with freshly generated diesel or with
real-time ambient exposures. Diesel exhaust studies that
have shown adverse neurotoxic outcomes in adult [45,
58] and development exposures [78] utilized freshly-
generated engine emissions in which the setup includes
volatile organic compounds (VOCs), and gas components
[79]. Some of the gas components within those studies,
ozone [80, 81], carbon monoxide [82], and nitrogen oxides
[83, 84] all have known potential to influence the CNS.
Furthermore, the presence of ozone and VOCs can lead to
the formation of secondary organic aerosols (SOAs) that
may be important contributors to the neurotoxic effects of
diesel emissions [85, 86]. Indeed, the presence of diesel-
derived SOAs have been shown to enhance the neurotoxic
effects of the diesel particulate component in an adult ex-
posure model [87]. Complementing the diesel studies,
studies exploring ambient traffic-related ultrafine par-
ticle exposures with an equivalent time frame as the
present study [7–9, 88], used an exposure system that
maintains the presence of ambient gaseous and semi-vola-
tile components [89] that also may have been neurotoxic
contributors. The null results from the present study,
which utilized a limited non-volatile diesel particulate
matter material, may suggest it is necessary to include
additional components, VOCs, semi-volatile and gas com-
ponents from diesel emissions to appropriately evaluate
neurotoxic potential.
Using NIST SRMs for toxicological studies has other

limitations, including the age, the need to re-suspend in
water, and to ultra-sonicate the mixture for aerosoliza-
tion, all of which can alter the physiochemical and po-
tentially toxic properties that would otherwise come
from combustion. Although the median particle size was
close to the ultrafine size, the substantial presence of lar-
ger particles likely comes from aggregation and agglom-
eration following the original combustion reaction, as
well as the subsequent aerosolization. Tween 80 was uti-
lized to prevent aggregation of the particles within the
solution but, was not considered a concern for particle
uptake as it has been previously shown to have little effect
on re-suspended nanomaterials with regards to particle
size, polydispersion index, and zeta potential [90]. Al-
though Tween 80 has been shown to enhance nanomater-
ial uptake into the nasal epithelium [91] and blood-brain
barrier membranes [92, 93], it is worth noting those

particles were placed in solutions with a concentration ≥
0.5% Tween 80, about 1000x the concentration of the
SRM 1650b solution. Aging of diesel particulate matter
has been shown to alter its oxidative potential which,
could also influence its capacity to induce neurotoxic
effects [94]. The insoluble fraction of NIST SRM
1650b, which could contain harmful organic and metal
content, can settle across the exposure period and thus
be lost in the inhalation exposure. Despite these limita-
tions, the advantages of using NIST SRM 1650b are it
is a well-characterized diesel material with an exposure
method that can be reproduced.
Other limitations that come with the study include the

use of the MPPD program to calculate equivalent doses
between mice neonates and young human children. Al-
though the majority of the neonatal mouse physiological
parameters were based on relevant background data,
certain parameters of the MPPD program including the
segmental anatomy of the lung and total number of ter-
minal airways are based off static default mouse adult
data. The neonatal mouse lung, especially the distal al-
veolar regions, is rapidly developing during the exposure
time period [95–97] making equivalent alveolar depos-
ition estimations difficult. Additionally with regards to
the CNS, it is unclear if estimations of alveolar depos-
ition of diesel are the best dosing parameter given the
indirect pathway by which particles deposited in the
nasal epithelium can also access the CNS. Future studies
that can delineate between the neurotoxic effects of UFP
deposited in the pulmonary system vs UFP deposited in
the nasal epithelium may provide clarity on this issue.
With regards to the mice exposure conditions, al-

though using internal litter controls has advantages in
eliminating litter-specific/maternal behavioral effects, it
does create a scenario for diesel particulate that settled
on the fur of the exposed pups to cross-contaminate
over to littermates as well as lead to indirect dam expos-
ure from maternal grooming behavior. Another import-
ant concern is pup thermoregulation in the inhalation
chamber, which was addressed by ensuring every pup
had at least one littermate in the inhalation cages with
natural pup huddling behavior shown to be an effective
means to regulate C57BL/6 pup body temperatures [98,
99]. However some heat loss in separated pups is ex-
pected at the exposure temperatures even with accom-
panying littermates [98] and is a potential extraneous
factor experienced by controls and exposed mice. Lastly,
although removing the pups from the dams for
exposures was necessary to evaluate the direct effects of
NIST SRM 1650b inhalation on pup neurodevelopment,
repeated maternal separation is considered a stress-indu-
cing factor [100, 101] and can alter physiological
responses to subsequent stressors [102, 103]. Consider-
ation of repeated maternal separation as an extraneous
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factor that could override the effects of particle exposure
is warranted though studies investigating repeated ma-
ternal separation’s protracted effects on offspring behav-
ior have mixed findings with null [104–106] and adverse
[107–109] results.

Conclusions
Identifying the underlying critical components of pollution
particulate that contribute to adverse neurodevelopmental
phenotypes could have direct relevance to creating a fo-
cused framework for the regulation of air pollution levels.
The present study was done to determine whether neonatal
diesel particle exposure alone could induce adverse path-
ology and persistent behavioral dysfunction. While neonatal
exposure to NIST SRM 1650b induced some pathological
changes in males suggestive of inflammation, it had no sub-
stantial protracted influence on either locomotor activity or
learning alterations as assessed using FI performance in ei-
ther males or females. As developmental exposure to iso-
lated diesel particulate alone was not sufficient to induce
protracted adverse outcomes, further clarity on the toxic
contribution of specific gaseous, semi-volatile, and volatile
components within diesel emissions may be necessary to
appropriately evaluate neurodevelopmental risk.

Methods
Breeding
Eight-week-old male and female C57BL/6 mice were
purchased from Jackson Laboratories (Bar Harbor, ME)
and allowed to acclimate in the vivarium housing room
for one week prior to breeding. All mice in this study
were housed under a 12-h reversed light/dark cycle and
temperature maintained at ~ 22 °C. Three days prior to
pairing, dirty male bedding was added to the female
cages to synchronize estrous cycles (Whitten effect) and
increase the likelihood of impregnation. Monogamous
pairs of mice were bred for three days, males were then
removed and dams remained singly housed with litters
until weaning. Neonatal mice were separated from the
dams for the whole-body NIST SRM 1650b inhalation ex-
posures (the dams were not directly exposed) which, oc-
curred from postnatal days (PNDs) 4–7 and PNDs 10–13
for 4 h/day for 4 days/week between 1000 and 1400 h.
During these exposures, the mice pups were housed in
small mesh chambers with 2–4 pups per chamber. The
mice pups were returned to the original dam upon com-
pletion of each exposure session. Eighteen dams were used
for the study with the sample size, n, referring to the total
number of litters utilized for the endpoint. To eliminate
litter-specific effects, each litter was split internally into
control and treated pups, half the pups within a litter
would be exposed to HEPA-filtered air and the other half
exposed to NIST SRM 1650b. The range of litter sizes was
5–9 pups.

Exposure
Exposure conditions are based on modeling calculations
(Additional file 1) [110] to produce equivalent particle
deposition per alveolar surface area in the mice pups
with a 4 h exposure to that of a 3 month human infant
exposed to a diesel mass concentration of 13 μg/m3 over
24 h. NIST Standard Reference Material 1650b (http://
www.nist.gov/srm) was suspended in a solution of 5 μl/L
TWEEN80 (Millipore Sigma, St. Louis, MO) in 18MΩ
water. The NIST SRM 1650b powder was mixed in 10
mg/mL of solution ratio and sonicated with a probe
sonicator (Sonics & Materials Inc., Newtown, CT) at 750
watts, 20 kHz frequency, for three, ten second bursts.
15 mL of this solution was put into an ultrasonic
nebulizer (Model Ultrasonic2000, Nouvag Dental and
Medical Equipment, Goldach, Switzerland) to generate
the diesel mist. Clean dry air (500–1000 mL/min) was
passed through the nebulizer at a frequency of 2.4 MHz
to produce the diesel mist which, was then passed
through a heated drying tube and cold trap to remove
moisture. The resulting dry aerosol was mixed with dilut-
ing air and entrained into a 30 L stainless steel-reinforced
Lexan exposure chamber housing the neonatal mice at a
rate of 25–30 L/min. A peristaltic pump (Masterflex, Cole
Palmer Inc., Mount Vernon, IL) was used to maintain the
diesel solution level in the nebulizer for the duration of
the exposure session. The ambient temperature in the in-
halation chambers ranged from 23 to 25 °C and humidity
was maintained at 40–50% for controls and exposed mice.
Real-time chamber exposure measurements were continu-
ously performed through the 4 h exposure using a con-
densation particle counter set up downstream of the
inhalation chamber (CPC, Model 3022A TSI Inc., Shore-
view, MN). The particles were sized in a single five minute
run at the end of the 4 h exposure using an electrostatic
classifier (SMPS Model 3071, TSI Inc., Shoreview, MN).
Filters were periodically collected to determine gravimet-
ric exposure concentration by mass. The target value was
an overall average of 100 μg/m3. For imaging, NIST SRM
1650b particles were collected via electrostatic precipita-
tion on carbon coated copper grids (CF-200CU, Electron
Microscopy Sciences) which, were imaged using a Hitachi
7650 Analytical TEM with an Erlangshen 11 megapixel
digital camera and Gatan software.

Pathology
On PND 14, mice were euthanized by rapid decapitation
in the absence of anesthesia to assess the immediate effect
of NIST SRM 1650b on brain pathological outcomes.
Brains were extracted and placed in 4% paraformaldehyde
for 24 h, then into 30% sucrose until they sank. The brains
were sectioned on a freezing microtome (Microm HM
440 E; GMI Inc., Ramsey, MN) at 40-μm thickness in
cryoprotectant (30% sucrose, 30% ethylene glycol in 0.1
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M phosphate buffer) and stored at − 4 °F (− 20 °C) until
immunostaining. Every sixth section was stained with
glial fibrillary acidic protein (GFAP) and myelin basic
protein (MBP) to assess, respectively, activation of as-
trocytes and potential alterations in the extent of white
matter. Briefly, the brain sections were washed of cryo-
protectant and placed into primary antibody solutions
for GFAP (AB5804, 1:3000 dilution; Millepore, Billerica,
MA) or MBP (MAB386, 1:1000; Millepore, Billerica, MA)
for 24 h. For GFAP, the tissue was then placed into a
biotinylated anti-rabbit IgG antibody solution (BA-1000,
1:200 dilution; Vector Labs, Burlingame, CA) and for
MBP, a biotinylated anti-rat, mouse-absorbed, IgG anti-
body (BA-9401, 1:200 dilution; Vector Labs, Burlingame,
CA) for 1 h, and the stain was visualized using DAB di-
aminobenzidine hydrochloride (D0426, SIGMA FAST
DAB with metal enhancer, Sigma Aldrich, St. Louis, Mo.,
USA). Immunolabeled tissue was mounted onto Super-
frost Plus micro slides (48311–703; VWR, Radnor, PA)
and coverslipped using Cytoseal 60 (23–244,257; Fisher
Scientific, Pittsburg, PA).
Slide-mounted tissue sections were visualized on an

Olympus BX41 microscope (Olympus America, Inc.,
Central Valley, Pennsylvania) mounted with an MBF
CX9000 camera (MBF, Villiston, Vermont) for GFAP
and MBP image capture. Lateral ventricle area tracings
were performed using Neurolucida software (MBF,
Williston, Vermont) with three consecutive sections per
subject used. To quantify MBP and GFAP immuno-
staining intensity, images were captured at 40x at the
same exposure and brightness settings, and analyzed by
optical densitometry using NIH ImageJ software.
Optical density was deduced from mean grayscale ana-
lysis of the region of interest (ROI) standardized to a
negatively stained region within the same section to
normalize background grayscale. Three measurements
were taken on three separate sections per brain per
ROI. A murine anatomical brain atlas was utilized in
conjunction with identification of anatomical land-
marks to ensure the sections of homologous bregma
were analyzed [111]. The ROIs for MBP and GFAP
immunostaining in the corpus callosum and frontal
cortex were bregma 1.32–2.04 mm and GFAP immu-
nostaining in the hippocampus at bregma 1.74–2.74
mm. The results are expressed as the difference value
between the background greyscale value and the
positively-stained region, with higher values demon-
strating increased immunoreactivity. Density and ven-
tricular area analyses were carried out blinded to
treatment condition.

Locomotor assay
Spontaneous locomotor activity was assessed in photo-
beam chambers equipped with a transparent acrylic

arena with a 48-channel infrared source, detector, and
controller (Med Associates, St. Albans, VT). Locomotor
behavior was explored prior to the start of FI schedule-
controlled behavior training (PND 60). Three 45-min
sessions occurred on three consecutive days with the
primary endpoint, ambulatory time, collected in 5 min
epochs. Ambulatory time was defined as the cumulative
time in which there were successive breaks of 2 × 2
photobeam virtual boxes within the chamber. Habitu-
ation and average ambulatory activity in each session
was assessed.

Operant behavior apparatus and fixed interval schedule
Food restriction followed locomotor assessment. To en-
hance and normalize motivation for a food-reinforcement,
mice were placed on a food-restricted schedule for 3 days
immediately prior to initiation of operant training, to
reach 85% of ad libitum weight. Mice were maintained at
85% ad libitum body weight throughout the operant train-
ing schedule. Behavioral testing was conducted in operant
chambers (Med Associates, St. Albans, VT) housed in
sound-attenuating cabinets equipped with white noise and
fans for ventilation. Three levers were located horizon-
tally across the back wall of the chamber, with a pellet
dispenser for reinforcer delivery on the front (opposite)
wall. Mice were initially trained to press a lever for food
reward using a variable time 60 s fixed ratio 1 schedule
(VT60FR1), in which a reinforcer (20 mg food pellet)
was delivered simultaneously with a light and sound
cue on average every 60 s independently of behavior; a
response on the designated correct lever during this
period would also trigger the light and sound cue, and
provide reinforcement delivery. Following ten correct
lever press responses or a total of 20 min on the VT60
component, the schedule was changed to a fixed ratio 1
schedule that required a lever press on the designated
correct lever for each food delivery until 90 reinforcers
had been delivered. After lever press training was com-
pleted in all mice, the schedule was shifted to a 60 s FI
schedule (FI60), in which mice had to complete 30 in-
tervals per day across 30 consecutive days. On the FI
schedule, the first lever press response on the desig-
nated correct lever after completion of a 60 s interval
produced food delivery and initiated the next 60 s inter-
val. Responses during the interval itself had no explicit
consequence, i.e., were not consequated.
Measures of FI performance included average re-

sponse per interval and mean quarter life. Quarter life,
the latency from the onset of an interval to the time at
which the first one quarter of the responses in the
interval occurred, was used to assess temporal control.
Initially, performance on the FI schedule is characterized
by uniform responding throughout the interval. However,
over sessions, as temporal control is established, pausing
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begins to follow reinforcement delivery and maximal
responding shifts to later in the interval, with quarter life
values thus initially increasing significantly over early ses-
sions, followed by more gradual but continual increases as
behavior stabilizes. To prevent inappropriate skewing of
FI performance measures due to high initial behavioral
variation when starting the fixed interval schedule, the
first three intervals of each session were not included in
the overall analyses.

Statistical analyses
All behavioral and pathological analyses were stratified
by sex. Body weight, as well as ambulatory time, and
fixed-interval data were analyzed using a mixed model
approach as previously described [88]. A random intercept
and random slope model was used to capture individual-
level variability and two fixed variables were used capture
group-level variation, slope and NIST SRM 1650b expos-
ure. The intercept component was centered and used a
means of exploring the average values across the days,
while a slope was used to define the linear function of
growth across the days. As the body weight and mean
quarter life values produced non-linear growth curves, a
piecewise approach was utilized in which the curve was
broken into two linear segments. For the weights, a slope
was fitted for P25-P33 and another for P35-P47 and for
the mean quarter life, a slope was fit for sessions 1–12,
and sessions 13–30.
The pathological measures were analyzed using a

random-intercept only model in which the average optical
densitometry (MBP, GFAP) or area (ventricles) across the
three ROIs within each subject was evaluated. All analyses
were conducted using the mixed-model function within
JMP13 Pro (SAS Institute Inc., Cary, NC). Estimates (β),
standard errors (SE), and p-values are reported. The a
priori statistical significance criterion was α ≤ 0.05, though
p-values ≤0.1 are also noted in the results.

Additional files

Additional file 1: Multiple-Path Particle Dosimetry. (DOCX 21 kb)

Additional file 2: Raw Dataset. (XLSX 1310.72 kb)

Abbreviations
ASD: Autism spectrum disorder; CMD: Count median diameter; CNS: Central
nervous system; FI: Fixed interval; GFAP: Glial fibrillary-acidic protein;
LDH: Lactate dehydrognease; MBP: Myelin basic protein; NIST SRM: National
Institute of Standards and Technology Standard Reference Material;
PAH: Polycyclic aromatic hydrocarbons; PM: Particulate matter; TEM: Transmission
electron microscopy; UFP: Ultrafine Particles

Acknowledgements
We would like to thank Dave Chalupa and Bob Gelein of the Environmental
Health Sciences Inhalation Exposure Facility. We would also like to thank
Karen Bentley and Chad Galloway of the URMC Electron Microscope Shared
Resource Laboratory.

Funding
This work was funded in part by National Institutes of Health Grants R01 ES025541
(D.A. Cory-Slechta). NIH Training Grant T32 ES007026 supported K. Morris-Schaffer,
A. Merrill, C. Wong, and K. Jew. NIH Center Grant P30 ES001247 supported
the animal inhalation facility and the animal behavior core.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article (Raw Dataset, Additional file 2).

Authors’ contributions
KMS and DCS conceived and designed the present study. KMS performed all
live animal work and AM analyzed the pathology. KMS conducted all statistical
analyses of the present study. KMS and AM wrote the manuscript. DCS, CW, KJ,
and MS assisted in revising the final manuscript and provided essential
intellectual contributions with regards to the interpretation of the data.
All authors have read and approved the final manuscript.

Ethics approval and consent to participate
All experimental activities were approved by the University of Rochester Institutional
Animal Care and Use Committee.

Consent for publication
Not applicable.

Competing interests
The authors declare they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Received: 1 October 2018 Accepted: 19 December 2018

References
1. Stone V, Miller MR, Clift MJ, Elder A, Mills NL, Møller P, et al. Nanomaterials

versus ambient ultrafine particles: an opportunity to exchange toxicology
knowledge. Environ Health Perspect. 2017;125(10):106002.

2. Shimada A, Kawamura N, Okajima M, Kaewamatawong T, Inoue H, Morita T.
Translocation pathway of the Intratracheally instilled ultrafine particles from
the lung into the blood circulation in the mouse. Toxicol Pathol. 2006;34(7):
949–57.

3. Naota M, Shimada A, Morita T, Inoue K, Takano H. Translocation pathway of
the intratracheally instilled C60 fullerene from the lung into the blood
circulation in the mouse: possible association of diffusion and caveolae-
mediated pinocytosis. Toxicol Pathol. 2009;37(4):456–62.

4. Furuyama A, Kanno S, Kobayashi T, Hirano S. Extrapulmonary translocation
of intratracheally instilled fine and ultrafine particles via direct and alveolar
macrophage-associated routes. Arch Toxicol. 2009;83(5):429–37.

5. Oberdorster G, Sharp Z, Atudorei V, Elder A, Gelein R, Kreyling W, et al.
Translocation of inhaled ultrafine particles to the brain. Inhal Toxicol. 2004;
16(6–7):437–45.

6. Elder A, Gelein R, Silva V, Feikert T, Opanashuk L, Carter J, et al. Translocation
of inhaled ultrafine manganese oxide particles to the central nervous
system. Environ Health Perspect. 2006;114(8):1172–8.

7. Allen JL, Conrad K, Oberdörster G, Johnston CJ, Sleezer B, Cory-Slechta DA.
Developmental exposure to concentrated ambient particles and preference
for immediate reward in mice. Environ Health Perspect. 2013;121(1):32–8.

8. Allen JL, Liu X, Pelkowski S, Palmer B, Conrad K, Oberdörster G, et al. Early
postnatal exposure to ultrafine particulate matter air pollution: persistent
Ventriculomegaly, neurochemical disruption, and glial activation
preferentially in male mice. Environ Health Perspect. 2014a;122(9):939–45.

9. Allen JL, Liu X, Weston D, Prince L, Oberdörster G, Finkelstein JN, et al.
Developmental exposure to concentrated ambient ultrafine particulate
matter air pollution in mice results in persistent and sex-dependent
behavioral neurotoxicity and glial activation. Toxicol Sci. 2014c;140(1):
160–78.

10. Allen JL, Oberdorster G, Morris-Schaffer K, Wong C, Klocke C, Sobolewski M,
et al. Developmental neurotoxicity of inhaled ambient ultrafine particle air

Morris-Schaffer et al. Particle and Fibre Toxicology            (2019) 16:1 Page 11 of 14

https://doi.org/10.1186/s12989-018-0287-8
https://doi.org/10.1186/s12989-018-0287-8


pollution: parallels with neuropathological and behavioral features of autism
and other neurodevelopmental disorders. Neurotoxicology. 2017;59:140–54.

11. Sobolewski M, Anderson T, Conrad K, Marvin E, Klocke C, Morris-Schaffer K,
et al. Developmental exposures to ultrafine particle air pollution reduces
early testosterone levels and adult male social novelty preference: risk for
Children’s sex-biased neurobehavioral disorders. Neurotoxicology. 2018;68:
203–11.

12. Newman NC, Ryan P, Lemasters G, Levin L, Bernstein D, Hershey GK, et al.
Traffic-related air pollution exposure in the first year of life and behavioral
scores at 7 years of age. Environ Health Perspect. 2013;121(6):731–6.

13. Suglia SF, Gryparis A, Wright RO, Schwartz J, Wright RJ. Association of Black
Carbon with cognition among children in a prospective birth cohort study.
Am J Epidemiol. 2008;167(3):280–6.

14. Volk HE, Lurmann F, Penfold B, Hertz-Picciotto I, McConnell R. Traffic related air
pollution, particulate matter, and autism. JAMA Psychiatry. 2013;70(1):71–7.

15. Volk HE, Hertz-Picciotto I, Delwiche L, Lurmann F, McConnell R. Residential
proximity to freeways and autism in the CHARGE study. Environ Health
Perspect. 2011;119(6):873–7.

16. Li K, Li L, Cui B, Gai Z, Li Q, Wang S, et al. Early postnatal exposure to
airborne fine particulate matter induces autism-like phenotypes in male rats.
Toxicol Sci. 2017;162(1):189–99.

17. Klocke C, Allen JL, Sobolewski M, Blum JL, Zelikoff JT, Cory-Slechta DA.
Exposure to fine and ultrafine particulate matter during gestation alters
postnatal oligodendrocyte maturation, proliferation capacity, and
myelination. Neurotoxicology. 2018;65:196–206.

18. Cory-Slechta DA, Allen JL, Conrad K, Marvin E. Sobolewski M.
NeuroToxicology: Developmental exposure to low level ambient ultrafine
particle air pollution and cognitive dysfunction; 2017.

19. Orozco D, Delgado R, Wesloh D, Powers RJ, Hoff R. Aerosol particulate
matter in the Baltimore metropolitan area: temporal variation over a six-year
period. J Air Waste Manage Assoc. 2015;65(9):1050–61.

20. Bates JT, Weber RJ, Abrams J, Verma V, Fang T, Klein M, et al. Reactive
oxygen species generation linked to sources of atmospheric particulate
matter and cardiorespiratory effects. Environ Sci Technol. 2015;49(22):
13605–12.

21. Crüts B, van Etten L, Törnqvist H, Blomberg A, Sandström T, Mills NL, et al.
Exposure to diesel exhaust induces changes in EEG in human volunteers.
Part Fibre Toxicol. 2008;5(1):4.

22. McDonald BC, Goldstein AH, Harley RA. Long-term trends in California
Mobile source emissions and ambient concentrations of black carbon and
organic aerosol. Environ Sci Technol. 2015;49(8):5178–88.

23. NIST. Certificate of Analysis SRM 1650b. National Institute of Standards &
Technology 2013.

24. Huggins FE, Huffman GP, Robertson JD. Speciation of elements in NIST
particulate matter SRMs 1648 and 1650. J Hazard Mater. 2000;74(1):1–23.

25. Tang S, LaDuke G, Chien W, Frank BP. Impacts of biodiesel blends on PM2.5,
particle number and size distribution, and elemental/organic carbon from
nonroad diesel generators. Fuel. 2016;172:11–9.

26. Saunders CR, Ramesh A, Shockley DC. Modulation of neurotoxic behavior in
F-344 rats by temporal disposition of benzo (a) pyrene. Toxicol Lett. 2002;
129(1–2):33–45.

27. Saunders CR, Das SK, Ramesh A, Shockley DC, Mukherjee S. Benzo (a)
pyrene-induced acute neurotoxicity in the F-344 rat: role of oxidative stress.
J Appl Toxicol. 2006;26(5):427–38.

28. Saunders CR, Shockley DC, Knuckles ME. Fluoranthene-induced
neurobehavioral toxicity in F-344 rats. Int J Toxicol. 2003;22(4):263–76.

29. Sadiktsis I, Koegler JH, Benham T, Bergvall C, Westerholm R. Particulate
associated polycyclic aromatic hydrocarbon exhaust emissions from a
portable power generator fueled with three different fuels – a comparison
between petroleum diesel and two biodiesels. Fuel. 2014;115:573–80.

30. Borillo GC, Tadano YS, Godoi AFL, Pauliquevis T, Sarmiento H, Rempel D, et
al. Polycyclic aromatic hydrocarbons (PAHs) and nitrated analogs associated
to particulate matter emission from a euro V-SCR engine fuelled with
diesel/biodiesel blends. Sci Total Environ. 2018;644:675–82.

31. Nyström R, Sadiktsis I, Ahmed TM, Westerholm R, Koegler JH, Blomberg A,
et al. Physical and chemical properties of RME biodiesel exhaust particles
without engine modifications. Fuel. 2016;186:261–9.

32. Gour N, Sudini K, Khalil SM, Rule AM, Lees P, Gabrielson E, et al. Unique
pulmonary immunotoxicological effects of urban PM are not recapitulated
solely by carbon black, diesel exhaust or coal fly ash. Environ Res. 2018;161:
304–13.

33. Hemmingsen JG, Møller P, Nøjgaard JK, Roursgaard M, Loft S. Oxidative
stress, genotoxicity, and vascular cell adhesion molecule expression in cells
exposed to particulate matter from combustion of conventional diesel and
methyl Ester biodiesel blends. Environ Sci Technol. 2011;45(19):8545–51.

34. Danielsen PH, Loft S, Møller P. DNA damage and cytotoxicity in type II lung
epithelial (A549) cell cultures after exposure to diesel exhaust and urban
street particles. Part Fibre Toxicol. 2008;5(1):6.

35. Boland S, Baeza-Squiban A, Bonvallot V, Houcine O, Pain C, Meyer M, et al.
Similar cellular effects induced by diesel exhaust particles from a
representative diesel vehicle recovered from filters and standard reference
material 1650. Toxicol in Vitro. 2001;15(4):379–85.

36. Saber AT, Jacobsen NR, Bornholdt J, Kjær SL, Dybdahl M, Risom L, et al.
Cytokine expression in mice exposed to diesel exhaust particles by
inhalation. Role of tumor necrosis factor. Part Fibre Toxicol. 2006;3(1):4.

37. Risom L, Dybdahl M, Bornholdt J, Vogel U, Wallin H, Møller P, et al.
Oxidative DNA damage and defence gene expression in the mouse lung
after short-term exposure to diesel exhaust particles by inhalation.
Carcinogenesis. 2003;24(11):1847–52.

38. Tobwala S, Zhang X, Zheng Y, Wang H-J, Banks WA, Ercal N. Disruption of
the integrity and function of brain microvascular endothelial cells in culture
by exposure to diesel engine exhaust particles. Toxicol Lett. 2013;220(1):1–7.

39. Xu J, Ling EA. Studies of the ultrastructure and permeability of the blood-
brain barrier in the developing corpus callosum in postnatal rat brain using
electron dense tracers. J Anat. 1994;184(2):227–37.

40. Catalani A, Sabbatini M, Consoli C, Cinque C, Tomassoni D, Azmitia E, et al.
Glial fibrillary acidic protein immunoreactive astrocytes in developing rat
hippocampus. Mech Ageing Dev. 2002;123(5):481–90.

41. Baloch S, Verma R, Huang H, Khurd P, Clark S, Yarowsky P, et al.
Quantification of brain maturation and growth patterns in C57BL/6J mice
via computational neuroanatomy of diffusion tensor images. Cereb Cortex.
2009;19(3):675–87.

42. Bockhorst KH, Narayana PA, Liu R, Ahobila-Vijjula P, Ramu J, Kamel M, et al.
Early postnatal development of rat brain: in vivo diffusion tensor imaging. J
Neurosci Res. 2008;86(7):1520–8.

43. Hartz AMS, Bauer B, Block ML, Hong J-S, Miller DS. Diesel exhaust particles
induce oxidative stress, proinflammatory signaling, and P-glycoprotein up-
regulation at the blood-brain barrier. FASEB J. 2008;22(8):2723–33.

44. Heidari Nejad S, Takechi R, Mullins BJ, Giles C, Larcombe AN, Bertolatti D, et
al. The effect of diesel exhaust exposure on blood–brain barrier integrity
and function in a murine model. J Appl Toxicol. 2015;35(1):41–7.

45. Gerlofs-Nijland ME, van Berlo D, Cassee FR, Schins RP, Wang K, Campbell A.
Effect of prolonged exposure to diesel engine exhaust on proinflammatory
markers in different regions of the rat brain. Part Fibre Toxicol. 2010;7:12.

46. Levesque S, Surace MJ, McDonald J, Block ML. Air pollution & the brain:
subchronic diesel exhaust exposure causes neuroinflammation and
elevates early markers of neurodegenerative disease. J
Neuroinflammation. 2011;8:105.

47. Levesque S, Taetzsch T, Lull ME, Kodavanti U, Stadler K, Wagner A, et al.
Diesel exhaust activates and primes microglia: air pollution,
neuroinflammation, and regulation of dopaminergic neurotoxicity. Environ
Health Perspect. 2011;119(8):1149–55.

48. Levesque S, Taetzsch T, Lull ME, Johnson JA, McGraw C, Block ML. The role
of MAC1 in diesel exhaust particle-induced microglial activation and loss of
dopaminergic neuron function. J Neurochem. 2013;125(5):756–65.

49. Cory-Slechta DA, Weiss B, Cox C. Performance and exposure indices of rats
exposed to low concentrations of lead. Toxicol Appl Pharmacol. 1985;78(2):291–9.

50. Cory-Slechta DA, Weiss B, Cox C. Delayed behavioral toxicity of lead
with increasing exposure concentration. Toxicol Appl Pharmacol. 1983;
71(3):342–52.

51. Rice D. Effects of pre-plus postnatal exposure to methylmercury in the
monkey on fixed interval and discrimination reversal performance.
Neurotoxicology. 1992;13(2):443–52.

52. Reed MN, Newland MC. Prenatal methylmercury exposure increases
responding under clocked and unclocked fixed interval schedules of
reinforcement. Neurotoxicol Teratol. 2007;29(4):492–502.

53. Mele PC, Bowman RE, Levin ED. Behavioral evaluation of perinatal PCB
exposure in rhesus monkeys: fixed-interval performance and reinforcement-
omission. Neurobehav Toxicol Teratol. 1986;8(2):131–8.

54. Rice DC. Effect of postnatal exposure to a PCB mixture in monkeys on
multiple fixed interval–fixed ratio performance. Neurotoxicol Teratol. 1997;
19(6):429–34.

Morris-Schaffer et al. Particle and Fibre Toxicology            (2019) 16:1 Page 12 of 14



55. Krall JR, Mulholland JA, Russell AG, Balachandran S, Winquist A, Tolbert PE,
et al. Associations between source-specific fine particulate matter and
emergency department visits for respiratory disease in four U.S. cities.
Environ Health Perspect. 2017;125(1):97–103.

56. U.S. EPA. Health Assessment Document for Diesel Engine Exhaust (Final
2002). U.S. Environmental Protection Agency, Office of Research and
Development, National Center for Environmental Assessment, Washington
Office, Washington, DC, EPA/600/8-90/057F, 2002.

57. Propper R, Wong P, Bui S, Austin J, Vance W. Alvarado Al, et al. ambient and
emission trends of toxic air contaminants in California. Environ Sci Technol.
2015;49(19):11329–39.

58. Cole TB, Coburn J, Dao K, Roque P, Chang YC, Kalia V, et al. Sex and genetic
differences in the effects of acute diesel exhaust exposure on inflammation
and oxidative stress in mouse brain. Toxicology. 2016;374:1–9.

59. Woodward NC, Pakbin P, Saffari A, Shirmohammadi F, Haghani A, Sioutas C,
et al. Traffic-related air pollution impact on mouse brain accelerates myelin
and neuritic aging changes with specificity for CA1 neurons. Neurobiol
Aging. 2017;53:48–58.

60. Leviton A, Gilles F. Ventriculomegaly, delayed myelination, white matter
hypoplasia, and “periventricular” leukomalacia: how are they related? Pediatr
Neurol. 1996;15(2):127–36.

61. Shen MD, Nordahl CW, Young GS, Wootton-Gorges SL, Lee A, Liston SE, et
al. Early brain enlargement and elevated extra-axial fluid in infants who
develop autism spectrum disorder. Brain. 2013;136(9):2825–35.

62. Cheung C, Chua SE, Cheung V, Khong PL, Tai KS, Wong TKW, et al. White
matter fractional anisotrophy differences and correlates of diagnostic
symptoms in autism. J Child Psychol Psychiatry. 2009;50(9):1102–12.

63. Wolff JJ, Gu H, Gerig G, Elison JT, Styner M, Gouttard S, et al. Differences in
white matter Fiber tract development present from 6 to 24 months in
infants with autism. Am J Psychiatr. 2012;169(6):589–600.

64. Ball JD, Abuhamad AZ, Mason JL, Burket J, Katz E, Deutsch SI. Clinical
outcomes of mild isolated cerebral ventriculomegaly in the presence of
other neurodevelopmental risk factors. J Ultrasound Med. 2013;32(11):
1933–8.

65. Gilmore JH, Smith LC, Wolfe HM, Hertzberg BS, Smith JK, Chescheir NC, et
al. Prenatal mild ventriculomegaly predicts abnormal development of the
neonatal brain. Biol Psychiatry. 2008;64(12):1069–76.

66. Siddique S, Banerjee M, Ray MR, Lahiri T. Attention-deficit hyperactivity
disorder in children chronically exposed to high level of vehicular pollution.
Eur J Pediatr. 2011;170(7):923–9.

67. Calderón-Garcidueñas L, Mora-Tiscareño A, Styner M, Gómez-Garza G, Zhu
H, Torres-Jardón R, et al. White matter hyperintensities, systemic
inflammation, brain growth, and cognitive functions in children exposed to
air pollution. J Alzheimers Dis. 2012;31(1):183–91.

68. Calderón-Garcidueñas L, Reynoso-Robles R, Vargas Martínez J, Gómez-
Maqueo-Chew A, Pérez-Guillé B, Mukherjee PS, et al. Prefrontal white matter
pathology in air pollution exposed Mexico City young urbanites and their
potential impact on neurovascular unit dysfunction and the development
of Alzheimer’s disease. Environ Res. 2016;146:404–17.

69. Calderon-Garciduenas L, Mora-Tiscareno A, Ontiveros E, Gomez-Garza G,
Barragan-Mejia G, Broadway J, et al. Air pollution, cognitive deficits and
brain abnormalities: a pilot study with children and dogs. Brain Cogn. 2008;
68(2):117–27.

70. Hougaard KS, Jensen KA, Nordly P, Taxvig C, Vogel U, Saber AT, et al.
Effects of prenatal exposure to diesel exhaust particles on postnatal
development, behavior, genotoxicity and inflammation in mice. Part
Fibre Toxicol. 2008;5:3.

71. Weldy CS, Liu Y, Liggitt HD, Chin MT. In utero exposure to diesel exhaust air
pollution promotes adverse intrauterine conditions, resulting in weight gain,
altered blood pressure, and increased susceptibility to heart failure in adult
mice. PLoS One. 2014;9(2):e88582.

72. Yokota S, Sato A, Umezawa M, Oshio S, Takeda K. In utero exposure of mice
to diesel exhaust particles affects spatial learning and memory with reduced
N-methyl-d-aspartate receptor expression in the hippocampus of male
offspring. Neurotoxicology. 2015;50:108–15.

73. Yokota S, Moriya N, Iwata M, Umezawa M, Oshio S, Takeda K. Exposure to
diesel exhaust during fetal period affects behavior and neurotransmitters in
male offspring mice. J Toxicol Sci. 2013;38(1):13–23.

74. Li C, Li X, Suzuki AK, Fujitani Y, Jigami J, Nagaoka K, et al. Effects of exposure
to nanoparticle-rich diesel exhaust on adrenocortical function in adult male
mice. Toxicol Lett. 2012;209(3):277–81.

75. Hotta M, Shibasaki T, Yamauchi N, Ohno H, Benoit R, Ling N, et al. The
effects of chronic central administration of corticortrop in-releasing factor
on food intake, body weight, and hypothalamic-pituitary-adrenocortical
hormones. Life Sci. 1991;48(15):1483–91.

76. Tomaru M, Takano H, Inoue K, Yanagisawa R, Osakabe N, Yasuda A, et al.
Pulmonary exposure to diesel exhaust particles enhances fatty change of
the liver in obese diabetic mice. Int J Mol Med. 2007;19(1):17–22.

77. Umezawa M, Nakamura M, El-Ghoneimy AA, Onoda A, Shaheen HM, Hori H,
et al. Impact of diesel exhaust exposure on the liver of mice fed on omega-
3 polyunsaturated fatty acids-deficient diet. Food Chem Toxicol. 2018;111:
284–94.

78. Chang Y-C, Cole TB, Costa LG. Prenatal and early-life diesel exhaust exposure
causes autism-like behavioral changes in mice. Part Fibre Toxicol. 2018;15(1):18.

79. Gould T, Larson T, Stewart J, Kaufman JD, Slater D, McEwen N. A controlled
inhalation diesel exhaust exposure facility with dynamic feedback control of
PM concentration. Inhal Toxicol. 2008;20(1):49–52.

80. Pereyra-Muñoz N, Rugerio-Vargas C, Angoa-Pérez M, Borgonio-Pérez G,
Rivas-Arancibia S. Oxidative damage in substantia nigra and striatum of rats
chronically exposed to ozone. J Chem Neuroanat. 2006;31(2):114–23.

81. Gackiere F, Saliba L, Baude A, Bosler O, Strube C. Ozone inhalation activates
stress-responsive regions of the CNS. J Neurochem. 2011;117(6):961–72.

82. Brunssen SH, Morgan DL, Parham FM, Harry GJ. Carbon monoxide
neurotoxicity: transient inhibition of avoidance response and delayed microglia
reaction in the absence of neuronal death. Toxicology. 2003;194(1–2):51–63.

83. Yan W, Ji X, Shi J, Li G, Sang N. Acute nitrogen dioxide inhalation induces
mitochondrial dysfunction in rat brain. Environ Res. 2015;138:416–24.

84. Yan W, Yun Y, Ku T, Li G, Sang N. NO2 inhalation promotes Alzheimer's disease-
like progression: cyclooxygenase-2-derived prostaglandin E2 modulation and
monoacylglycerol lipase inhibition-targeted medication. Sci Rep. 2016;6:22429.

85. Ogawa H, Li T. Volatile organic compounds in exhaust gas from diesel
engines under various operating conditions. Int J Eng Res. 2011;12(1):30–40.

86. Wang H, He C, Morawska L, McGarry P, Johnson G. Ozone-initiated particle
formation, particle aging, and precursors in a laser printer. Environ Sci
Technol. 2012;46(2):704–12.

87. Win-Shwe T-T, Fujitani Y, Kyi-Tha-Thu C, Furuyama A, Michikawa T,
Tsukahara S, et al. Effects of diesel engine exhaust origin secondary organic
aerosols on novel object recognition ability and maternal behavior in BALB/
c mice. Int J Environ Res Public Health. 2014;11(11):11286–307.

88. Morris-Schaffer K, Sobolewski M, Allen JL, Marvin E, Yee M, Arora M, et al.
Effect of neonatal hyperoxia followed by concentrated ambient ultrafine
particle exposure on cumulative learning in C57Bl/6J mice. Neurotoxicology.
2018;67:234–44.

89. Gupta T, Demokritou P, Koutrakis P. Development and performance
evaluation of a high-volume ultrafine particle concentrator for inhalation
toxicological studies. Inhal Toxicol. 2004;16(13):851–62.

90. Hanafy AS, Farid RM, ElGamal SS. Complexation as an approach to entrap
cationic drugs into cationic nanoparticles administered intranasally for
Alzheimer's disease management: preparation and detection in rat brain.
Drug Dev Ind Pharm. 2015;41(12):2055–68.

91. Amidi M, Romeijn SG, Borchard G, Junginger HE, Hennink WE, Jiskoot W.
Preparation and characterization of protein-loaded N-trimethyl chitosan
nanoparticles as nasal delivery system. J Control Release. 2006;111(1):107–16.

92. Gulyaev AE, Gelperina SE, Skidan IN, Antropov AS, Kivman GY, Kreuter J.
Significant transport of doxorubicin into the brain with polysorbate 80-
coated nanoparticles. Pharm Res. 1999;16(10):1564–9.

93. Huang Y, Zhang B, Xie S, Yang B, Xu Q, Tan J. Superparamagnetic Iron oxide
nanoparticles modified with tween 80 pass through the intact blood–brain
barrier in rats under magnetic field. ACS Appl Mater Interfaces. 2016;8(18):
11336–41.

94. Gao J, Ma C, Tian G, Chen J, Xing S, Huang L. Oxidation activity restoration
of diesel particulate matter by aging in air. Energy Fuel. 2018;32(2):2450–7.

95. Amy R, Bowes D, Burri P, Haines J, Thurlbeck W. Postnatal growth of the
mouse lung. J Anat. 1977;124(1):131.

96. Burri PH. Fetal and postnatal development of the lung. Annu Rev Physiol.
1984;46(1):617–28.

97. Massaro D, Teich N, Maxwell S, Massaro GD, Whitney P. Postnatal
development of alveoli. Regulation and evidence for a critical period in rats.
J Clin Invest. 1985;76(4):1297–305.

98. Harshaw C, Alberts JR. Group and individual regulation of physiology and
behavior: a behavioral, thermographic, and acoustic study of mouse
development. Physiol Behav. 2012;106(5):670–82.

Morris-Schaffer et al. Particle and Fibre Toxicology            (2019) 16:1 Page 13 of 14



99. Harshaw C, Culligan JJ, Alberts JR. Sex differences in thermogenesis structure
behavior and contact within huddles of infant mice. PLoS One. 2014;9(1):e87405.

100. Plotsky PM, Meaney MJ. Early, postnatal experience alters hypothalamic
corticotropin-releasing factor (CRF) mRNA, median eminence CRF content and
stress-induced release in adult rats. Brain Res Mol Brain Res. 1993;18(3):195–200.

101. Matthews K, Robbins TW. Early experience as a determinant of adult
behavioural responses to reward: the effects of repeated maternal
separation in the rat. Neurosci Biobehav Rev. 2003;27(1):45–55.

102. Daniels WMU, Pietersen CY, Carstens ME, Stein DJ. Maternal separation in
rats leads to anxiety-like behavior and a blunted ACTH response and altered
neurotransmitter levels in response to a subsequent stressor. Metab Brain
Dis. 2004;19(1):3–14.

103. Hsu F-C, Zhang G-J, Raol YSH, Valentino RJ, Coulter DA, Brooks-Kayal AR.
Repeated neonatal handling with maternal separation permanently alters
hippocampal GABA<sub>a</sub> receptors and behavioral stress
responses. Proc Natl Acad Sci. 2003;100(21):12213–8.

104. Millstein R, Ralph RJ, Yang RJ, Holmes A. Effects of repeated maternal
separation on prepulse inhibition of startle across inbred mouse strains.
Genes Brain Behav. 2006;5(4):346–54.

105. Marmendal M, Roman E, Eriksson CP, Nylander I, Fahlke C. Maternal
separation alters maternal care, but has minor effects on behavior and brain
opioid peptides in adult offspring. Dev Psychobiol. 2004;45(3):140–52.

106. Shalev U, Kafkafi N. Repeated maternal separation does not alter sucrose-
reinforced and open-field behaviors. Pharmacol Biochem Behav. 2002;73(1):
115–22.

107. Li M, Xue X, Shao S, Shao F, Wang W. Cognitive, emotional and
neurochemical effects of repeated maternal separation in adolescent rats.
Brain Res. 2013;1518:82–90.

108. George ED, Bordner KA, Elwafi HM, Simen AA. Maternal separation with
early weaning: a novel mouse model of early life neglect. BMC Neurosci.
2010;11(1):123.

109. Lehmann J, Stöhr T, Feldon J. Long-term effects of prenatal stress
experience and postnatal maternal separation on emotionality and
attentional processes. Behav Brain Res. 2000;107(1):133–44.

110. Miller FJ, Asgharian B, Schroeter JD, Price O. Improvements and additions to
the multiple path particle dosimetry model. J Aerosol Sci. 2016;99:14–26.

111. Paxinos G. Paxinos and Franklin's the mouse brain in stereotaxic
coordinates. 3rd ed. Waltham: Academic Press; 2008.

Morris-Schaffer et al. Particle and Fibre Toxicology            (2019) 16:1 Page 14 of 14


	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Exposure
	Pathology
	Body weights
	Locomotor activity
	Fixed-interval 60s schedule

	Discussion
	Conclusions
	Methods
	Breeding
	Exposure
	Pathology
	Locomotor assay
	Operant behavior apparatus and fixed interval schedule
	Statistical analyses

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

