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Abstract

Abundant evidence indicates that both genetic and environmental factors contribute to the etiology 

of autism spectrum disorders (ASDs). However, limited knowledge is available concerning these 

contributing factors. An epidemiology study reported a link between increased incidence of autism 

and living closely to major highways, suggesting a possible role for pollutants from highway 

traffic. We investigated whether maternal exposure to diesel exhaust particles (DEP) negatively 

affects fetal development leading to autism-like phenotype in mice. Female mice and their 

offspring were exposed to DEP during pregnancy and nursing. Adult male offspring were then 

tested for behaviors reflecting the typical symptoms of ASD patients. Compared to control mice, 

DEP-exposed offspring exhibited higher locomotor activity, elevated levels of self-grooming in 

the presence of an unfamiliar mouse, and increased rearing behaviors, which may be relevant 

to the restricted and repetitive behaviors seen in ASD patients. However, the DEP-exposed mice 

did not exhibit deficits in social interactions or social communication which are the key features 

of ASD. These results suggest that early life exposure to DEP could have an impact on mouse 

development leading to observable changes in animal behaviors. Further studies are needed to 

reveal other environmental insults and genetic factors that would lead to animal models expressing 

key phenotypes of the autism spectrum disorders.
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Introduction

Autism Spectrum Disorders (ASDs) are neurodevelopmental disorders characterized by 

deficits in sociability, impaired social communication, and restricted and repetitive behaviors 

[American Psychiatric Association, 2000]. Evidence from twin studies has indicated the 
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contribution of genetic and environmental factors to ASD, as shown by almost 90% 

concordance rates in monozygotic twins [Bailey et al., 1995; Hallmayer et al., 2011; 

Lichtenstein et al., 2010; Ronald et al., 2006; Taniai et al., 2008]. Although genetic 

and linkage studies have identified many candidate genes, the exact genetic causes have 

not been determined for a large majority of autism cases. A number of epidemiological 

studies indicate gene–environment interaction as possible contributors in ASD [Hallmayer 

et al., 2011; Hultman, Sparen, & Cnattingius, 2002; Newschaffer et al., 2007]. Events 

during pre- and post-natal stages can adversely affect normal development of the fetus 

[Perera & Herbstman, 2011]. Prenatal stress, combined with a reduced serotonin transporter 

expression, has been shown to produce deficits in social interaction, an important feature 

of autism [Jones et al., 2010]. Similarly, insults during early pregnancy via exposure to 

chemical and biological agents have been linked to autism etiology in a subset of cases 

[Chess, Fernandez, & Korn, 1978; Williams et al., 2001].

Diesel exhaust particle (DEP), a component of air pollution, is one such environmental 

factor that has increasingly been associated with negative health outcomes [Silverman et 

al., 2012; Sydbom et al., 2001]. Prenatal exposure to DEP may produce abnormalities 

in reproductive functions and changes in immune responses [Niedzwiecki et al., 2012; 

Watanabe & Ohsawa, 2002; Yoshida et al., 2006]. Exposure to DEP during pregnancy 

can also cause an increased frequency of fetal DNA deletions [Reliene et al., 2005]. High 

concentration (1000 μg/m3) exposure to DEP in utero results in elevated levels of serum 

testosterone and also causes a decrease in sperm production [Yoshida et al., 2006]. A similar 

level of exposure during prenatal period has also been shown to produce a significant 

decrease in dopamine turnover within the striatum and reduce locomotor activity in mice 

[Yokota et al., 2009]. A recent epidemiological study also found an association between 

residential proximity to freeways, a proxy for traffic-related pollutants and incidences 

of autism [Volk et al., 2011]. The aim of this study is to test the hypothesis that high 

concentration exposure of DEP to mice during gestation and nursing could adversely impair 

fetal brain development leading to behaviors relevant to autism spectrum disorders.

Materials and Methods

Animals

Eight-week-old B6C3F1 male and female mice (Jackson laboratories; Bar Harbor, ME) were 

allowed to acclimate for 1 week at the New York University (NYU) animal facility. Two 

9-week-old females were then paired with a single male for up to 4 days and checked for 

the presence of vaginal plugs to confirm mating. The successfully mated female mice were 

exposed to DEP as described below. The DEP exposure continued for both the dams and 

pups during nursing and ended 1 week after birth. All procedures conducted at NYU were 

approved by the NYU School of Medicine Institutional Animal Care and Use Committee 

(IACUC). The weaned male and female offspring were transferred from NYU to the Ohio 

State University (OSU). Animals were maintained on a 12-hour dark/light cycle with ad 

libitum access to water and food. At the age of 6 weeks, behavioral experiments were 

performed on both offspring sexes. All animal procedures were approved by The Ohio State 

University Internal laboratory Animals Use Committee.
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Diesel Exhaust Exposure

Diesel exhaust was produced by a 5500-watt single cylinder diesel engine generator 

(Yanmar YDG 5500EE-6EI; Osaka, Japan) that contains a 418-cc displacement engine 

(Model LE100EE-DEGY6) as previously described [Lin et al., 2010]. The engine was 

operated using an ultra-low-sulfur diesel fuel, and the diesel exhaust particles (DEP) were 

diluted to a desirable level through a serial dilution system with High Efficiency Particulate 

Air-filtered ambient air, and routed to a 1 m3 flow-through exposure chamber. Mice were 

exposed at a concentration of 1000 μg/m3 or filtered air for 4 hr/day, (5 days/week) 

from the beginning of gestation until the first week after birth. Since mice are likely to 

be less sensitive to pollutants than humans, we and other investigators choose the DEP 

concentration of 1000 μg/m3. This concentration is much higher than human exposures to 

particulate matter (PM10) from diesel exhaust which is approximately 50 μg/m3 in major US 

cities [National Ambient Air Quality Standards].

Behavioral Assay

Open field locomotion.—Spontaneous locomotor activity was measured in a 40 cm × 

40 cm apparatus placed in a sound-attenuating chamber for 20 min [Brielmaier et al., 2012; 

Fonken et al., 2011]. Animals were placed in the center of the apparatus at the beginning 

of the test. Total distance traveled and time spent in the center (20 cm × 20 cm) of the box 

were measured using tracking software (ANYmaze, Stoelting Co.) Grooming and rearing 

behaviors were also scored in the same paradigm by an observer blind to treatment groups.

Elevated plus maze.—The elevated plus maze consists of two open arms (35 × 6 cm2) 

and two closed arms (35 × 6 × 22 cm3) at right angles to each other. Mice were placed at the 

intersection of the two arms and allowed to explore the maze for a total of 5 min [Holmes 

et al., 2003]. Time spent in the open vs. closed arms and the number of entries into the arm 

were measured using tracking software. Arm entry was defined as the placement of all fours 

limbs in the arm.

Social approach task.—Social approach was measured in a three-chambered apparatus 

using a previously validated procedure [Crawley, 2007]. The test is divided into three 10 

min stages. In the first 10 min stage, mice were allowed to freely explore the apparatus 

containing novel wire cages in the side chambers. This is followed by another 10 min 

test; wherein an unfamiliar mouse (stranger 1) is enclosed under the wire cage in one of 

the side chambers. The third phase involves the introduction of another unfamiliar mouse 

(stranger 2) which is placed under the wire cage that was previously empty. Time spent in 

the chambers during all three stages was measured. Cylindrical wire cages (Galaxy Cup, 

Spectrum Diversified Designs, Streetsboro, OH) were used to hold the stranger mice. The 

location of the stranger mice and wire cage were counterbalanced between test animals. Age 

matched C57BL/6j mice were used as unfamiliar stranger mice and were habituated to the 

wire cages for 15 min/day for 3 days prior to the test.

Reciprocal social interaction.—Reciprocal social interaction was recorded for 30 min 

in an apparatus measuring 30 × 15.5 cm. Two animals from the same treatment group (but 

different home cages) were placed in apparatus containing fresh bedding [McFarlane et al., 
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2008; Peca et al., 2011]. The following behaviors were scored for 15 min and quantified 

by a person blind to the treatment groups. These behaviors included: nose-to-nose sniffing, 

nose-to-anogenital sniffing, and fighting behavior.

Grooming and rearing behaviors.—Grooming and rearing behaviors of each of the 

two mice were also scored from video recordings of reciprocal social interactions described 

above. Time spent self-grooming and number of grooming episodes were scored [Pearson et 

al., 2011]. A grooming bout is defined as a single episode of uninterrupted sequence of body 

grooming. Similarly, time spent rearing and number of rearing episodes were recorded and 

scored. A rearing episode is defined as number of times the mouse stands upright on its hind 

limbs. Both behaviors were scored and quantified by an experimenter blind to the treatment 

groups.

Social transmission of food preference.—Social transmission of food preference 

was performed using a method published previously [Kogan et al., 1997; McFarlane et al., 

2008; Rampon et al., 2000; Wrenn et al., 2003]. Animals were randomly divided into two 

cohorts within each treatment group and designated as either demonstrators or observers. 

Demonstrator mice were habituated to flavored food (1% cinnamon or 2% cocoa) mixed 

with powdered mouse chow in a jar (Dyets Inc., PA) 2 days prior to the experiment. Mice 

designated as demonstrators were then food deprived for 18 hr. The following day, half 

the animals in the demonstrator group received 1% cinnamon (Kroger, Cincinnati, OH) 

and the rest received 2% cocoa (Hershey’s cocoa, Hershey, PA) in their home cage for an 

hour. Amount of food consumed was noted and mice that failed to consume more than 0.1 

g were removed from the study. This phase was followed immediately by a one-on-one 

interaction with observer mice from the same treatment group for 30 min. The demonstrator 

and observer mice in each treatment group were socially naïve and from different cages. 

Mice from both cohorts were returned to their respective cages after the 30-min interaction 

session. At this stage, food from the observer animals was removed. Twenty-four hours later, 

observer mice were given a choice between cocoa and cinnamon flavored food. The jars 

were then weighed, and the amount of food consumed was noted.

Statistical Analyses

Data analysis was performed using SPSS software (version 19). Repeated measures analysis 

of variance (ANOVA) were used to compare locomotion across time between the two 

treatment groups (control vs. DEP) in the open field and time spent in chambers (stranger 

vs. empty, stranger 1 vs. stranger 2) in the social approach task. One-way ANOVA was used 

to analyze time spent in the open arm and number of entries in the elevated plus maze, 

grooming and rearing behaviors, and percent cued food consumed in the social transmission 

of food preference task.

Results

DEP Exposure

To investigate the effect of DEP exposure during development, animals were exposed to 

DEP during pregnancy and nursing. The DEP treatment did not affect litter sizes which 
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averaged ~9 pups per litter. The body weights of animals in the two treatment groups were 

also similar (data not shown) and no obvious defects in the physical health of animals were 

observed as a result of treatment. The weaned mice were then shipped to OSU and were 

allowed to habituate to the new environment for a week. All animals were tested in the 

following order, open field locomotion at age 5–6 weeks; social behavior tests at age 6 

weeks; reciprocal social interaction, self-grooming, and rearing behaviors at week 7; social 

transmission of food preference was tested at week 8 and elevated plus maze at week 9.

Open Field Locomotor Activity

Open field locomotor activity was measured in a locomotor box for 20 min. Figure 1 shows 

the distance traveled in an open field apparatus over time (Fig. 1A), total distance traveled 

(Fig. 1B) and the percentage of time spent in the center of the chamber (Fig. 1C) by the 

control and DEP-treated mice. Repeated measures ANOVA reveals a significant difference 

in locomotor activity in the first 5 min of testing between the DEP-treated group (n = 24) 

and the controls (n = 24) (Fig. 1A, F1, 46 = 10.919, P = 0.002). One-way ANOVA showed 

a significant main effect of treatment on overall locomotor activity (distances traveled in 20 

min) (Fig. 1B, F1, 46 = 5.997, P = 0.018). No significant differences was observed in the 

amount of time spent in the center area of the open field apparatus between control and 

DEP-treated animals (Fig. 1C, F1, 46 = 0.723, P = 0.400).

Elevated Plus Maze

Figure 2 shows the time spent in the open arms (Fig. 2A) and the total number of entries into 

the open arms (Fig. 2B) of the elevated plus maze by the control and DEP-treated groups. 

DEP-treated animals (n = 24) did not differ from the control group (n = 24) in the amount 

of time spent in the open arms (Fig. 2A, F1, 45 = 0.153, P = 0.697). Similarly, the number of 

entries made into the open arm also did not differ significantly across treatment groups (Fig. 

2B, F1, 45 = 0.318, P = 0.576).

Social Approach Tests

Social approach was tested using a three-chambered apparatus, and the test mice did not 

show preference for either of the side chambers (data not shown). Figure 3A shows that the 

DEP-treated mice exhibited significant preference (n = 24, *P < 0.05, one-way ANOVA) 

for the unfamiliar mice (stranger 1) over the empty wire cage just like controls (n = 24, 

*P < 0.05). There was no significant main effect of treatment (DEP exposure) on the time 

spent in the chamber containing stranger 1 over the chamber containing an empty wire 

cage as measured by repeated measures ANOVA (F1,46 = 1.231, P = 0.273). In the third 

10-min phase of the test, a new stranger mouse (stranger 2) was placed in the side chamber 

under the previously empty wire cage. The test mouse was then monitored and time spent 

with the now familiar mouse (Stranger 1) and unfamiliar mouse (Stranger 2) were recorded 

and shown in Figure 3B. Both groups of mice showed preference for the new unfamiliar 

mice, but there was no significant difference between the DEP-treated and control groups 

(repeated measures ANOVA, (F1,46 = 0.129, P = 0.721).
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Reciprocal Social Interaction

Figure 4 shows the number of episodes of nose-to-nose sniffing (Fig. 4A) and nose-to-

anogenital sniffing (Fig. 4B) between pairs of control mice and pairs of DEP-treated mice. 

There appears to be a reduced frequency of nose-to-nose and nose-to-anogenital sniffs 

between DEP treated mice (8 pairs, n = 8) compared to the control group (n = 12). However, 

the differences are not statistically significant for the nose-to-nose sniffing (Fig. 4A, (F1,18 = 

0.925, P = 0.349) or nose-to-anogenital episodes (Fig. 4B, (F1,18 = 1.921, P = 0.183).

Social Transmission of Food Preference

Two food flavors were tested, and no preference for either flavor was observed for 

both treatment groups (data not shown). Figure 4C shows that the observer mice from 

both groups consumed substantially more food mixed with a flavor (cued food) that the 

demonstrator mice consumed over a non-cued food suggesting effective “communication” 

between mice. Levene’s test revealed unequal variances between the two groups (P = 0.004), 

hence data were analyzed using one-way ANOVA with Welch correction. However, there 

was no significant difference in the percentages of cued food consumed between the control 

(n = 11) and DEP-treated (n = 12) mice (F1, 11.125 = 3.27, P = 0.098).

Self-Grooming and Rearing Behavior

Self-grooming and rearing behaviors were scored during the reciprocal social interaction 

paradigm when two animals where placed together in the apparatus. Figure 5 shows time 

spent self-grooming (Fig. 5A) and number of rearing episodes (Fig. 5B) in 15 min. Data 

are presented as mean ± SEM. DEP-treated animals (n = 16) spent significantly longer time 

self-grooming compared to controls (n = 24) (Fig. 5A; F1,18 = 8.282, P = 0.010). There 

was also a significant increase in the number of rearing episodes in the DEP-treated animals 

compared to control animals (Fig. 5B; F1,18 = 4.698, P = 0.04). Additionally, self-grooming 

and rearing behaviors were also scored during the open field locomotor activity task when 

a single mouse was in the apparatus. Figure 5C shows time spent grooming, and Figure 

5D shows rearing episodes in a 15-min session. There was no significant difference in time 

spent self-grooming in DEP-treated mice (n = 24) compared to controls (n = 24) (Fig. 5C; 

F1,46 = 0.084, P = 0.774). However, DEP-treated mice displayed significantly higher number 

of rearing episodes compared to controls (F1,46 = 4.527, P = 0.039).

Discussion

In the current study, we have investigated the possibility that exposures to diesel exhaust 

particles during gestation and early life may impair brain development leading to autism-like 

symptoms. We report that mice exposed to diesel exhaust particles during pre- and postnatal 

development exhibit an increase in locomotor activity and rearing behaviors. These mice 

also display elevated levels of repetitive self-grooming only in the presence of an unfamiliar 

mouse. However, these animals did not exhibit deficits in social interaction or anxiety-like 

behavior and display normal social communication. These results suggest that exposure 

to diesel exhaust particles during early development may not have a very strong impact 

on mouse development leading to very obvious deficits in social behaviors. However, 

significant increases in stereotyped behaviors were observed which may be relevant to 
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the repetitive/compulsive behaviors seen in autistic patients. These findings support the 

hypothesis that, besides genetic factors, pre- and postnatal environment can contribute to 

behaviors similar to those observed in an autistic phenotype.

Animal studies have shown that exposure to DEP, a common component of air pollution, 

particularly in urban environments, can alter endocrine function and cause an increase 

in pro-inflammatory cytokines within the central nervous system [Levesque et al., 2011]. 

In utero exposure of DEP has been shown to produce deficits in learning and memory 

[Hougaard et al., 2008]. However, no study has reported the effect of DEP on social 

behaviors. A recent epidemiological study has shown for the first time a causal link 

between autistic incidences and residential proximity to freeways as a proxy for traffic-

related pollutants, suggesting that environmental pollutants could be possible risk factors 

for autism-like behavior [Volk et al., 2011]. Since there are no biochemical markers to 

test for autism, we investigated animal behaviors that have face validity to some of the 

core symptoms of autism. We tested our animals in a variety of behavioral paradigms that 

measures sociability, social communication, and stereotyped behavior. Our results indicate 

that animals treated with DEP spend more time with an unfamiliar mouse than a novel 

object, similar to the control mice, indicating that prenatal exposure to DEP does not alter 

social behaviors in mice. Besides measuring the animal’s sociability in a three-chambered 

apparatus, we also recorded parameters such as nose-to-nose sniffing and nose-to-anogenital 

sniffing. Although the data show a trend of decrease in these behaviors in the DEP-treated 

animals compared to the controls, the difference failed to reach statistical significance. 

Social transmission of food preference task (STFP) was used to assess social communication 

in these animals. The test measures animal’s ability to use social cues acquired via 

interaction with another mouse to then make a choice. The test has been reported to have 

potential face validity to certain features of autism [Crawley, 2007]. However, significant 

differences between control and DEP-exposed animals on the STFP task was not observed 

here. Taken together, these findings suggest that prenatal and early-life exposure to DEP do 

not have adverse impact on mouse development that results in a significant deficit in social 

behavior or communication.

Repetitive and restrictive behaviors are one of the diagnostic criteria for autism spectrum 

disorders [American Psychiatric Association, 2000]. Mouse models of autism have 

previously been shown to display excessive self-grooming rearing and other stereotyped 

behaviors [Blundell, Blaiss et al. 2010; Chao et al., 2010, Etherton, Blaiss et al. 2009; Peca 

et al., 2011]. A dysfunctional fronto-striatal circuitry has been suggested to contribute to 

restrictive behavior [Langen et al., 2012]. Increased striatal volume has also been positively 

correlated with repetitive behavior in autistic patients [Hollander et al., 2005]. In utero 

exposure to low concentrations of DEP also results in enhanced dopamine concentration 

within the pre-frontal cortex and reduced dopamine turnover in the striatum and nucleus 

accumbens [Suzuki et al., 2010]. We found that DEP-exposed mice when compared to 

controls, exhibited elevated levels of self-grooming only in the presence of an unfamiliar 

mouse. Interestingly, there was no difference between DEP-treated mice and controls in time 

spent self-grooming when the mice were alone. The increased self-grooming in DEP-treated 

mice might be due to anxiety induced by the presence of an unfamiliar mouse. These results 

are similar to previous reports that show higher grooming times during social interaction 
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in a mouse model of fragile X syndrome [McNaughton et al., 2008; Mines, Yuskaitis, 

King, Beurel, & Jope, 2010]. Previous studies have also shown that in small population of 

children diagnosed with autism, higher anxiety levels are associated with a greater frequency 

of repetitive behaviors [Gillott, Furniss, & Walter, 2001; Rodgers, Glod, Connolly, & 

McConachie, 2012a; Rodgers, Riby, Janes, Connolly, & McConachie, 2012b]. However, 

mice may groom and rear more for a variety of reasons which may or may not be related 

to autism [van Erp et al., 1994; Han et al., 2012]. Additional experiments such as reversal 

learning and marble burying are needed to further characterize how perinatal DEP exposures 

affect repetitive behaviors and restricted interests. A subset of children diagnosed with 

autism spectrum disorders display a hyperactive phenotype [Sinzig, Walter, & Doepfner, 

2009]. Hyperactivity has also been reported in a few mouse models of autism [Penagarikano 

et al., 2011]. In our study, DEP-exposed animals display an increased locomotor activity in 

an open field environment compared to controls, suggesting some effect of early-life DEP 

exposure on the development of brain structures underlying motor behavior. Another recent 

study also showed that prenatal DEP exposure has an impact on locomotor activities in mice 

[Suzuki et al., 2010]. However, this study reported a decrease in locomotor activity as a 

consequence of DEP exposure. There are a few differences between the two studies. First, 

the strains of mice used in the two studies are different, we used an inbred strain B6C3F1, 

whereas they used ICR mice, an outbreed strain. Second, the durations of DEP exposure in 

the two studies are different. We exposed pregnant dams during pregnancy and nursing for 

4 hr/day, 5 days/week, whereas the other group exposed the mice for 8 hr/day, 5 days/week 

from day 2 through day 17 of gestation. These disparities could have contributed to the 

observed differences between the two studies. B6C3F1 mice are thought to be more sensitive 

to toxic materials and thus are commonly used in toxicological studies [King-Herbert, Sills, 

& Bucher, 2010]. There are no obvious abnormality reported for this strain in its baseline 

behaviors, health, and physiology. One study reports that B6C3F1 appeared to display a 

more anxious phenotype compared to C57 mice [Benatti et al., 2011]. However, we did not 

observe any obvious anxiety-like phenotype.

A small proportion of patients diagnosed with ASD present with symptoms that are 

commonly associated with psychological disorders like attention deficit hyperactivity 

disorder (ADHD) and anxiety [Brereton, Tonge, & Einfeld, 2006; Esbensen et al., 2003; 

Goldstein & Schwebach, 2004; Leyfer et al., 2006; Muris et al., 1998; Simonoff et al., 

2008]. Some of the anxiety symptoms manifest as simple phobias, separation anxiety 

disorders, or agoraphobia [Muris et al., 1998]. In order to test for anxiety-like behavior, 

we performed elevated plus maze and open field test. We observed no significant differences 

between the two groups of mice in the amount of time spent in the center of the open field, a 

measure of anxiety-like behavior in animals. This was supported by no differences observed 

in the time spent in the open arm or the number of transitions into the open arm of an 

elevated plus maze.

In summary, exposures to DEP prenatally and during nursing appear to have an impact 

on the development of the central nervous system leading to observable differences in 

animal behaviors. Specifically, mice with early-life DEP exposure exhibited increased 

locomotor activity and elevated levels of self-grooming and rearing which are relevant to 

the restricted and repetitive behaviors seen in ASD patients. However, the same treatment 
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did not cause elevated anxiety or did not result in significant deficits in social interaction or 

social communication, the key symptoms of ASD patients. Together, these results suggest 

that early-life exposure to DEP could have an impact on mouse development leading to 

observable changes in animal behaviors. It is likely that multiple environmental insults in 

combination with genetic factors would have stronger impact and result in animals with 

other key phenotypes of the autism spectrum disorders.
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Figure 1. 
Open field locomotor activity. (A) Distance traveled over time. Repeated measures analysis 

of variance (ANOVA) reveals a significant difference in locomotor activity in the first 5 

min of testing between the diesel exhaust particles (DEP)-treated group (n = 24) and the 

controls (n = 24) (F1,46 = 10.919, P = 0.002). (B) Total distance traveled in 20 min. One way 

ANOVA showed a significant main effect of treatment on locomotor activity (F1,46 = 5.997, 

P = 0.018). No significant difference was observed in the amount of time spent in the center 

area of the open field apparatus between control and DEP-treated animals (F1,46 = 0.723, P = 

0.400). Data are presented as mean ± SEM.
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Figure 2. 
Elevated plus maze. (A) Time spent in the open arm in a 5 min test. Diesel exhaust particles 

(DEP)-treated animals (n = 24) did not differ from the control group (n = 24) in the amount 

of time spent in the open arm (F1,45 = 0.153, NS). (B) Number of entries into the open arm. 

No significant difference was observed in the number of entries into the open arm between 

treatment groups. (F1,45 = 0.318, NS). Data are presented as mean ± SEM.
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Figure 3. 
Social approach task. (A) Time the test mice spent in the center chamber, the side chamber 

containing an unfamiliar mouse (stranger 1) enclosed in a wire cage or the side chamber 

having an empty wire cage. Diesel exhaust particles (DEP)-treated animals (n = 24, *P < 

0.05) displayed normal sociability, similar to their controls (n = 24, *P < 0.05). (B) Time 

spent in each of the three chambers when a new unfamiliar mouse (stranger 2) was placed 

under a previously empty wire cage. DEP treated animals showed similar preference for 

social novelty as their control counterparts.
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Figure 4. 
Reciprocal social interaction. Two mice from the same treatment groups but from different 

home cages were placed in a novel environment and number of nose-to-nose sniffing 

episodes, (A) and number of nose to anogenital sniffing episodes (B) were recorded. No 

significant differences were observed between control (n = 12) and diesel exhaust particles 

(DEP)-treated (n = 8) animals on number of episodes of nose-to-nose sniffing (F1,18 = 0.925, 

P = 0.349) or nose-to-anogenital sniffing(F1,18 = 1.921, P = 0.183). (C) Social transmission 

of food preference. No significant differences were observed between the control (n = 11) 

and DEP-treated animals (n = 12) in the cued food consumed (F1,11.125 = 3.27, NS). Data 

are presented as mean ± SEM.
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Figure 5. 
Self-grooming and rearing behavior. (A and B) Two mice were placed in a novel 

environment and grooming and rearing behaviors of each animal were scored. (A) Diesel 

exhaust particles (DEP)-treated (n = 16) animals spent significantly longer time self-

grooming compared to controls (n = 24), (F1,18 = 8.282, P = 0.010). (B) Number of rearing 

episodes. There was a significant increase in number of rearing episodes in the DEP-treated 

animals compared to control animals, (F1,18 = 4.698, P = 0.04). (C and D) Single mouse 

was placed in test apparatus and self-grooming and rearing behaviors were scored. (C) No 

significant differences were observed between control (n = 24) and DEP-treated mice (n = 

24) in the amount of time spent self-grooming (F1,46 = 0.084, P = 0.774). (D) Significant 

increase in rearing episodes was observed in DEP-treated mice compared to controls (F1,46 = 

4.527, P = 0.039). Data are presented as mean ± SEM.
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