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Abstract

Hyperoxia during treatment for prematurity may enhance susceptibility to other risk factors for 

adverse brain development, such as air pollution exposure, as both of these risk factors have been 

linked to a variety of adverse neurodevelopmental outcomes. This study investigated the combined 

effects of neonatal hyperoxia followed by inhalation of concentrated ambient ultrafine particles 

(CAPS, <100nm in aerodynamic diameter) on learning. C57BL/6J mice were birthed into 60% 

oxygen until postnatal day (PND) 4 and subsequently exposed to filtered air or to CAPS using the 

Harvard University Concentrated Ambient Particle System (HUCAPS) from PND 4–7 and 10–13. 

Behavior was assessed on a fixed interval (FI) schedule of reinforcement in which reward is 

available only after a fixed interval of time elapses, as well as expected reductions in behavior 

during an extinction procedure when reward was withheld. Both produce highly comparable 

behavioral performance across species. Performance measures included rate of responding, 

response accuracy, and temporal control (quarter life). Exposure to hyperoxia or CAPS resulted in 

lower mean quarter life values, an effect that was further enhanced in males by combined 

exposure, findings consistent with delayed learning of the FI schedule. Females also initially 

exhibited greater reductions in quarter life values following the combined exposure to hyperoxia 

and CAPS and delayed reductions in response rates during extinction. Combined hyperoxia and 

CAPS produced greater learning deficits than either risk factor alone, consistent with enhanced 

neurodevelopmental toxicity, findings that could reflect a convergence of both insults on common 

neurobiological systems. The basis for sex differences in outcome warrants further research. This 

study highlights the potential for heightened risk of adverse neurodevelopment outcomes in 
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individuals born preterm in regions with higher levels of ultrafine particle (UFP) air pollution, in 

accord with the multiplicity of risk factors extant in the human environment.
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Introduction

Risk factors associated with prematurity include hyperoxia (Deulofeut et al. 2006), ischemia 

(Vohr et al. 2000), infection (Stoll et al. 2004), and thermoregulatory impairments 

(Simbruner et al. 2010), all of which can lead to cognitive dysfunction. Advances in medical 

care over the past two decades have increased survival and prognosis for very preterm 

infants (<32 weeks) (Stoll et al. 2015). Successful survival of these infants, however, raises 

additional concerns surrounding their unique challenges and susceptibilities. One early 

environmental insult of concern is exposure to air pollution, which itself is associated with 

risk of prematurity (Laurent et al. 2016), and as such, pre-term infants may be returning to 

homes in higher air pollution environments. Thus, the CNS injuries that can occur in 

children born prematurely may be followed by exposure to other risk factors for adverse 

neurodevelopment, such as air pollution.

Air pollution is considered a global health risk, and represents a heightened threat to 

vulnerable populations (Cohen et al. 2017). Air pollution is a heterogeneous mixture of 

particles, gases, and organic compounds, many of which have the potential to alter CNS 

development. Of particular concern with regard to the CNS is the ambient ultrafine particle 

(UFPs; <100nm in diameter) component of this mixture. UFPs are capable of directly 

translocating into the CNS via uptake into nerve terminals in the olfactory mucosa and 

subsequently depositing within the brain parenchyma where they can produce 

neuroinflammation (Elder et al. 2006; Oberdorster et al. 2004). UFPs can also exert effects 

via indirect mechanisms, including long-term retention in the lung, which can trigger 

chronic inflammation (Park et al. 2015; Sun et al. 2012) and potentially lead to systemic 

inflammation. Our laboratory has shown that early neonatal exposure to concentrated 

ultrafine ambient particles (CAPS) can produce neuropathological changes indicative of a 

neuroinflammatory response, including ventriculomegaly, microglial activation, pro-

inflammatory cytokine changes and delayed-white matter development (Allen et al. 2014a; 

Allen et al. 2015), highlighting the susceptibility of the developing CNS to the consequences 

of air pollution.

Preterm infants undergo a unique, untimely transition from an appropriate low oxygen, 

hypoxic in utero environment to a high oxygen clinical environment to ensure their survival 

(Gao and Raj 2010; Sola 2015). During this transition, it is common for oxygen blood 

saturation levels to fluctuate above clinical targets in preterm infants during long-term 

oxygen supplementation, with infants in some facilities spending up to 50% of their time in 

hyperoxic conditions (Deulofeut et al. 2006; Sink et al. 2011). Neonatal hyperoxia in 

preterm infants is well-established as a contributor to bronchopulmonary dysplasia (BPD), a 
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chronic respiratory disease characterized by simplified alveolar structure and restrictive 

airways (Domm et al. 2015). More evidence is emerging that hyperoxia also contributes to 

CNS deficits, as duration of oxygen support for preterm infants has been linked to decreased 

cortical growth (Bouyssi-Kobar et al. 2016) and increased cerebral oxygenation following 

birth has also been linked to poor cognitive outcomes measured using the Bayley Scales 

(Verhagen et al. 2015). Neonatal hyperoxia exposure in rodents decreases cortical growth 

(Sirinyan et al. 2006), disrupts white matter growth (Ritter et al. 2013), and leads to glial 

activation (Schmitz et al. 2011; Vottier et al. 2011).

The adverse consequences of a hyperoxic environment on the developing CNS could 

conceivably be compounded by subsequent exposure to air pollution, given its targeting of 

the developing CNS and the fact that like hyperoxia, it too can impair cognitive functions, as 

human brain development remains significant nearly into adulthood (Arnold 2009; Vertes 

and Bullmore 2015). Prematurity has been linked to a variety of adverse 

neurodevelopmental clinical outcomes including autism spectrum disorder (ASD) (Jarjour 

2015), attention deficit hyperactivity disorder (ADHD) (Bhutta et al. 2002), schizophrenia 

(Dalman et al. 1999) and cognitive dysfunction (Soria-Pastor et al. 2008), 

neurodevelopmental disorders that have also been linked to early air pollution exposures. 

Exposures to traffic-related (Becerra et al. 2013; Volk et al. 2011) and PM2.5 (Volk et al. 

2013) air pollution exposure during the perinatal period have been associated with an 

increased risk for ASD in Los Angeles. Elevated ambient PM10 exposure during childhood 

was associated with increased prevalence of ADHD in India (Siddique et al. 2011). 

Increased black carbon exposure of children in Boston, Massachusetts was associated with 

decreased scores in verbal and nonverbal memory assessment (Suglia et al. 2008). Increased 

PM2.5 exposure was associated with reductions in cognitive growth and working memory in 

a prospective cohort of schoolchildren in Barcelona, Spain (Basagana et al. 2016). The 

similarity of the adverse neurodevelopmental outcomes of hyperoxia and UFPs and their 

potential for sequential occurrence raises the possibility that these exposures could produce 

cumulative neurodevelopmental risk, and underscores the need to consider their combined 

effects. The imposition of UFP exposure post hyperoxia exposure at birth therefore 

embodies a more real-world environmental exposure scenario and thus is of greater 

translational relevance.

To understand the potential for enhanced neurodevelopmental risk, this study used a model 

of neonatal hyperoxia followed by CAPS exposure in mice. As CNS development in rodents 

at birth is equivalent to the early third-trimester in humans (Semple et al. 2013), this model 

effectively resembles the CNS developmental stage of preterm infants exposed to hyperoxia. 

Learning was assessed by examining acquisition of prototypical behavior on a fixed-interval 

(FI) schedule of food reward which provides access to reward contingent upon the first 

occurrence of a designated response that occurs after a specified fixed interval of time has 

elapsed; responses prior to the completion of the interval have no consequence and cannot 

accelerate time to reward availability. The characteristic behavioral pattern controlled by this 

schedule occurs across a wide range of species (Kelleher and Morse 1968) and relies on 

temporal control, i.e, it ultimately consists of little or no responding early in the interval 

followed by maximal rates of responding as the end of the interval approaches to minimize 

delay of reward, thus necessitating a temporal discrimination by the organism. Temporal 

Morris-Schaffer et al. Page 3

Neurotoxicology. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



control increases with age (Brannon et al. 2007), and is correlated with IQ (Chelonis et al. 

2004). Measuring temporal behavior on the FI schedule using a quarter life measure (time 

during the specified interval at which 25% of the responses occurred), as well as reductions 

in response rate when reward was subsequently withheld during extinction, this study sought 

to assess whether combined neonatal hyperoxia and CAPS exposure would result in 

enhanced learning deficits.

Materials and Methods

Animals and Exposure Paradigm

Adult male and female C57BL/6J mice from Jackson Laboratories (Bar Harbor, ME) were 

bred using a scheme designed to ensure timed births as previously described (Allen et al. 

2014a). Newborn C57BL6 mice were birthed and maintained at 60% oxygen conditions 

until neonatal day 4, then maintained under normal animal room oxygen levels (21%). For 

this purpose, pure oxygen was humidified with sterile distilled water to 40–70%, filtered, 

and passaged into the chambers before venting out of the building. Mice birthed into room 

air served as controls. Because adult mice are sensitive to hyperoxia, dams were rotated 

every 24 hours between litters exposed to room air or hyperoxia. This exposure paradigm 

has been described and further detailed previously (Yee et al. 2009). A total of 46 litters 

were exposed to room air or hyperoxia and then divided so that pups from each litter were 

randomly assigned to subsequent exposure to CAPS or filtered air (Air) in a counterbalanced 

order that precluded litter-specific effects.

Following hyperoxia exposure, mice were removed from dams and exposed to CAPS, as 

described previously (Allen et al. 2013; Allen et al. 2014a). Neonatal mice were exposed to 

filtered air or ambient UFP (<100 nm in diameter) concentrated 10–20 fold using the 

Harvard Ultrafine Concentrated Ambient Particle System (HUCAPS). Exposures lasted for 4 

hours per day beginning at 9:00 a.m. on PND (postnatal day) 4–7 and 10–13. During these 

exposures, pups were housed in small mesh chambers with four pups per chamber. This 

high-volume ambient sampling system utilizes condensational growth of the particulate 

phase in conjunction with virtual impaction to provide aerosols that are enriched for sizes 

smaller than 200 nm in diameter, with median sizes being typically in the 70–90 nm range 

with concentrations of approximately 0.2–2 × 105/cm3. The gas-phase components of the 

ambient aerosol are not concentrated by the HUCAPS system. Particle counts were obtained 

using a condensation particle counter (model 3022A;TSI, Shoreview, MN), and mass 

concentration calculated using idealized particle density (1.5 g/cm3). PTFE filters (47 mm, 

0.2 μm pore size, Pall, Port Washington, New York) were collected daily from the filtered air 

and HUCAPS exposure chambers for analysis of elemental composition using x-ray 

fluorescence (XRF). The hyperoxia and CAPS exposures generated 4 treatment groups per 

sex: neonatal hyperoxia with and without CAPS (designated H Air and H CAPS, 

respectively) and neonatal room air with and without CAPS (designated A Air and A CAPS, 

respectively). No more than 1–2 pups per litter/per sex were assigned to any given treatment 

group to preclude litter effects, and each treatment group had n=10 except for female A 

CAPS, where n=9. All experimental activities were approved by the University of Rochester 

Institutional Animal Care and Use Committee.
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Locomotor Behavior

To evaluate motor activity levels, spontaneous locomotor activity was measured in 

photobeam chambers equipped with a transparent acrylic arena with a 48-channel infrared 

source, detector, and controller (Med Associates, St. Albans, VT). Locomotor behavior was 

assessed prior to the start of FI schedule-controlled behavior training (postnatal day 60). 

Locomotor activity was quantified in three 45-min sessions occurring once per day for 3 

consecutive days, with the primary endpoint, ambulatory time, collected at 5 minute epochs. 

Ambulatory time was defined as the cumulative time in which there were successive breaks 

of 2×2 photobeam virtual boxes within the chamber. Habituation and average ambulatory 

activity in each session was explored.

Operant Behavior Apparatus and Fixed Interval Schedule

Food restriction followed locomotor assessment. To enhance 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 training 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 horizontally 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 60s 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 60s independently of behavior; a response on the designated correct 

lever during this period would also trigger the light and sound cue and reinforcement 

delivery. Following 10 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 50 reinforcers had been 

delivered. After lever press training was completed in all mice, the schedule was shifted to a 

60s FI schedule (FI60) examined in 30 minute sessions over a total of 36 sessions (30 

consecutive intervals/session/day) to assess learning. On the FI schedule, the first lever press 

response on the designated correct lever after completion of a 60s interval produced food 

delivery and initiated the next 60s interval until 30 minutes had elapsed. Responses during 

the interval itself had no explicit consequence, i.e., were not consequated.

Measures of FI performance included response rate (total responses/total session time, and 

accuracy (total number of responses on the correct lever/total responses on all levers). 

Quarter life, i.e., 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 begins to 

follow reinforcement delivery, and maximal responding shifts to later in the interval, with 

quarter life values thus initially increasing significantly over early sessions, followed by 

more gradual but continual increases as behavior stabilizes. A mean quarter life (MQL) 

value was generated across intervals in each session. To further assess temporal control of 
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behavior, the interval was changed from 60s to 120s (FI120) for six sessions following the 

last session of FI60.

Extinction

To further assess learning, the FI60 schedule was reimposed for two sessions following the 

FI 120s schedule, after which an extinction schedule was imposed for two sessions. During 

extinction, all light and sound cues of the FI schedule remained intact, but no food delivery 

followed the correct lever press after the 60s interval. Under extinction conditions, response 

rates normally decline rapidly. Correct response rate was assessed across twenty-five 60s 

intervals in each session.

Statistical Analysis

Data were analyzed using a multi-level mixed-model approach with the “nlme” R package 

(Pinheiro et al. 2016). Each behavioral endpoint describes a different fundamental aspect of 

behavior on the FI schedule, thus each measure was analyzed independent of the others in 

our models. All of the behavioral analyses were stratified by sex. A random intercept and 

slope model was used to capture subject-level variability. The intercept component was 

centered and was used as a means of exploring the average response across the sessions 

while the slope was used to define the linear function of learning across the sessions. 

Hyperoxia, CAPS, and Session were designated as the fixed effects in the model and we 

explored the average response and learning slope differences between treatment groups. 

Interactions between the two factors were explored for each behavioral parameter, but if the 

interaction term had a p-value > 0.1, it was dropped from the model to avoid over-

parameterization. Additionally, as serial autocorrelations were seen across sessions for each 

animal for FI60 response rates and mean quarter life value, a subject-level autoregressive 

residual structure (AR1) was used in those models.

For some behaviors, there is a distinct ceiling effect, as behavior increases and reaches 

asymptotic levels during the finite interval and the learning rate was evaluated with two 

separate slopes. This included response rates on the FI60 schedule, in which response rates 

were modeled as two slopes, Sessions 1–12, and Sessions 12–32. Additionally accuracy on 

the FI60 schedule was modeled as two slopes, Sessions 1–13 and Sessions 13–32. For FI60 

mean quarter life, an early acquisition slope (a slope fitted across Sessions 1–14) and a late 

acquisition slope (a slope fitted across Sessions 14–32) in both males and females. Beyond 

using the slopes to assess mean quarter life, we also separately evaluated the last third of the 

sessions on the FI60 and FI120 schedule to evaluate their final latent stable/plateau 

performance, i.e. how much did the mice learn at the end. Additionally, extinction behavior 

is limited by a floor effect, as response rate values can only decrease to zero, as was seen 

following Interval 10 of the second session. Thus, two periods were evaluated (Intervals 1–

10, and Intervals 11–25) for extinction session 2. To prevent inappropriate skewing of 

analysis due to high initial variation when starting on the fixed interval schedule, the first 

four sessions of FI60 were removed from analysis.

For our findings we are reporting the parameter estimates (β), standard errors (SE), along 

with the significance tests. The reference groups for the parameter estimates are the 
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unexposed animals with the estimates describing the magnitude of the change in the exposed 

animals. The default significance test in the “nlme” R package is derived from a t-

distribution using t-values calculated by dividing the estimate by the standard error. An 

example would be if females exposed to hyperoxia had a significant increase in their slope it 

could be reported as (β = 1.00, SE = 0.30, p = 0.02) with this estimate describing for every 

one unit change in slope (one session) females exposed to hyperoxia (H Air, H CAPS) 

increased by one unit more on the given behavioral outcome than the unexposed controls (A 

Air, A CAPS). Any potential additive (main effects only) or non-additive (interaction 

effects) effects on average performance were explored with a Tukey post-hoc using the 

“lsmeans” R package while interactions on the slope component were explored with post-

hoc contrasts tests, i.e. comparing the slopes of each the four treatment groups to each other. 

P-values ≤0.05 were considered significant but near-significant p-values <0.1 were also 

explored and discussed.

Results

CAPS Exposure Levels, Elemental Analysis and Body Weights

Figure 1 shows particle concentrations and average particle diameter across the period of 

CAPS exposures. Particle sizes remained in the UFP range, and mean exposure 

concentrations across treatment were approximately128,426 particles/cm3 and the average 

mass was 48.1 ug/m3. The average particle diameter remained ultrafine (<100um) 

throughout the exposures. Table 1 shows the elemental composition of the filtered air and 

CAPS exposures, as determined using XRF analysis. The average pup weight (litter weight 

divided by number of pups) following hyperoxia exposure on PND4 was 2.04 grams (g) for 

the hyperoxia litters and 1.99 g for room air litters. Following CAPS exposure, on PND14, 

the average pup weights for females was 5.95g (A Air), 6.37g (A CAPS), 5.92g (H Air), 

6.06g (H CAPS) and for males 6.05g (A Air), 6.72g (A CAPS), 6.42g (H Air), 6.31g (H 

CAPS). No treatment-related differences were found for body-weight at P4 or P14.

The range of female adult weights after food restriction was 16.8–19.5 (A Air), 15.8–19.4 

(A CAPS), 16.4–19.6 (H Air) and 15.1–18.8 (H CAPS) and for males 19.3–23.4 (A Air), 

19.9–23.3 (A CAPS), 20.1–23.5 (H Air), and 20.1–22.8 (H CAPS). No treatment differences 

were found in the adult weights.

Locomotor

Ambulatory time of mice during 3 locomotor sessions is shown in Figure 2. Data for female 

and male mice were analyzed separately, and average ambulatory time and activity 

habituation (slope) in each session were not significantly different across exposure groups 

for either females or males.

Fixed-Interval 60s Schedule Response Rates and Accuracy

All mice learned food-rewarded lever pressing within 3 training sessions, with no treatment-

related differences in the number of sessions required for training.
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Females exposed to hyperoxia showed no significant changes in response rate slope from 

Sessions 1–12 (β = 0.01, SE = 0.16, p = 0.99) or Session 12–32 (β = 2.63, SE = 4.76, p = 

0.58) nor any significant changes in average response rate (Figure 3A). Females exposed to 

CAPS had an increase in response rate slope from Sessions 1–12 (β = 0.39, SE = 0.16, p = 

0.02) and average response rates were higher in females exposed to CAPS in Sessions 12–32 

(β = 5.35, SE = 2.40, p = 0.03). There no significant interaction differences between CAPS 

and hyperoxia exposed females on average response rates or slopes. There were no 

significant differences between female treatment groups on accuracy.

In males there were no significant effects of hyperoxia or CAPS on the response rate slope 

or on average response rates (Figure 3C). Males exposed to hyperoxia had a decrease in 

accuracy slope during the initial 13 sessions (β = −0.21, SE = 0.17, p = 0.22) though it did 

not approach significance (Figure 3D). Males exposed to hyperoxia had an increased slope 

in Sessions 13–32 (β = 0.10, SE = 0.04, p < 0.01) though average accuracy was lower in the 

hyperoxia-exposed males during that period (β = −1.29, SE = 0.52, p = 0.01) (Figure 3D). 

There was no significant effect of CAPS or interaction with hyperoxia on accuracy learning 

rate or average accuracy in Sessions 1–13, or Sessions 13–32.

Fixed-Interval 60s Schedule Mean Quarter Life

Females exposed to CAPS had a decrease in the mean quarter life slope (β = −0.19, SE = 

0.11, p = 0.08) in Sessions 1–14 and hyperoxia-exposed females had a decreased slope in 

Sessions 14–32 (β = −0.09, SE = 0.05, p = 0.09) though both differences failed to reach 

statistical significance (Figure 4A). Females exposed to CAPS had a decrease in average 

performance in the last 10 sessions on the FI60 schedule (β = −2.16, SE = 1.07, p = 0.05) 

(Figure 4B). Females exposed to hyperoxia showed no significant differences in the final 10 

sessions then their unexposed controls (β = −0.75, SE = 1.07, p = 0.49) and there were no 

significant interaction effects between hyperoxia and CAPS.

In males there was an interaction between CAPS and hyperoxia on the mean quarter life 

slope for Sessions 1–14 (β = −2.16, SE = 1.07, p = 0.05) (Figure 4C). Contrast tests showed 

the H CAPS males having a significantly steeper slope then the A CAPS males (β = 0.31, 

SE = 0.14, p = 0.02) though neither was significantly different from the full control A Air. 

To further explore this interaction, a Tukey post-hoc was run on the first session, which 

showed the H CAPS males had a decreased mean quarter life compared to A CAPS males (β 
= −4.51, SE = 1.89, p = 0.10) though it did not approach significance and neither was 

significantly different from control A Air. Males exposed to hyperoxia had a decrease on the 

slope in Sessions 14–32 (β = −0.12, SE = 0.05, p = 0.02) with no differences in the CAPS-

exposed males in Sessions 14–32 (β = −0.05, SE = 0.05, p = 0.36) (Figure 4C). No 

significant interactions were found between hyperoxia and CAPS on the slope in Sessions 

14–32.

Males exposed to hyperoxia had a decreased average performance on the last 10 sessions (β 
= −2.41, SE = 0.91, p = 0.01) and males exposed to CAPS had a decreased average 

performance on the last 10 sessions (β = −1.83, SE = 0.91, p = 0.05) (Figure 4D). A 

pairwise Tukey post-hoc on the last 10 sessions showed only the H CAPS males had a 
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significant decrease in final average performance when compared to A Air (β = −4.25, SE = 

1.28, p = 0.01).

Fixed-Interval 120s Schedule Mean Quarter Life

In females, there was an interaction between CAPS and hyperoxia on the mean quarter life 

slope for FI120s schedule (β = −2.10, SE = 0.81, p = 0.01) (Figure 5A). Contrasts tests 

showed that the H CAPS females had a steeper slope then A CAPS (β = 1.10, SE = 0.58, p = 

0.06) though it failed to reach significance and a significantly steeper slope then H Air (β = 

1.32, SE = 0.58, p = 0.02) but H CAPS females were not different from control (β = 0.32, 

SE =0.57, p = 0.57). A Tukey post-hoc analysis on the first session showed the H CAPS 

females had a significantly decreased average performance when compared to A CAPS (β = 

−9.21, SE = 2.69, p < 0.01), H Air (β = −12.1, SE = 2.63, p < 0.01), and A Air (β= −8.2, SE 

= 2.63, p = 0.02). Although average performance on the final two sessions was lower for 

females exposed to hyperoxia (β = −3.1, SE = 2.10, p = 0.15) and females exposed to CAPS 

(β = −3.64, SE = 2.10, p = 0.09), it failed to reach statistical significance and there was no 

significant interaction (Figure 5B).

Males exposed to hyperoxia had a decreased slope on the FI120 schedule (β = −1.04, SE = 

2.10, p = 0.05) and there was no significant differences for the slopes of males exposed to 

CAPS (β = 0.42, SE = 0.54, p = 0.43) (Figure 5C). However males exposed to CAPS had a 

decrease in mean quarter life performance on the first session (β = −6.49, SE = 2.09, p < 

0.01). Males exposed to hyperoxia had a decreased performance on the final two sessions (β 
= −5.27, SE = 2.32, p = 0.03) as well as males exposed to CAPS (β = −5.22, SE = 2.32, p = 

0.03) (Figure 5D). To explore cumulative effects, a Tukey post-hoc on the final two sessions 

revealed that only the H CAPS males had a decreased final average performance 

significantly different from the full controls A Air (β = −10.49, SE = 3.33, p = 0.02).

Fixed-Interval Schedule Extinction

In females, there was an interaction between CAPS and hyperoxia on Session 1 on the 

average response rate (β = 26.19, SE = 9.09, p < 0.01) and on the slope (β = −1.17, SE = 

0.56, p = 0.04) (Figure 6A). The contrasts test showed the H CAPS females had a 

significantly steeper slope compared to H Air females (β = −1.02, SE = 0.39, p < 0.01) 

though neither group was significantly different from control. Furthermore the Tukey post-

hoc showed the average responses of the H CAPS females was only significantly higher than 

the H Air females (β = 21.72, SE = 5.56, p < 0.01) and though H CAPS females were higher 

than A CAPS (β = 14.49, SE = 5.72, p = 0.07) and A Air (β = 12.93, SE = 5.56, p = 0.11), 

the differences failed to reach statistical significance. On Session 2, no differences were 

found with the slopes, however there was a hyperoxia and CAPS interaction on the average 

response in the initial 10 intervals (β = 15.48, SE = 6.98, p = 0.03) (Figure 6B). The Tukey-

posthoc on the average responses showed H CAPS had a significantly higher response rate 

then H Air (β = 19.68, SE = 4.87, p < 0.01), and A Air (β = 14.35, SE = 4.87, p = 0.03) 

though not significant when compared to A CAPS (β = 10.14, SE = 5.00, p = 0.20). No 

significant treatment-related effects were observed on Intervals 11–25 in Session 2.
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There were no significant differences in hyperoxia or CAPS exposed males for their average 

response or slopes during the first extinction session or any interactions (Figure 6C). Males 

exposed to CAPS had a shallower slope for response rate (β = 2.60, SE = 0.91, p < 0.01) 

over Intervals 1–10 of Session 2 (Figure 6D). There were no significant differences in 

hyperoxia-exposed males or any interaction with CAPS in the initial 10 sessions or any 

significant treatment differences over Intervals 11–25 in Session 2.

Discussion

In this study, both hyperoxia and CAPS impaired temporal control as measured by mean 

quarter life slopes and final absolute values on the FI60 and FI120 schedules, indicative of 

slower learning of the schedule parameters. This pattern of behavioral changes occurred in a 

sex-specific fashion (Figure 3 and Figure 4). Mean quarter life values reflect the allocation 

of responses during the fixed interval. Under normal conditions, these values should 

increase, reflecting the shift of responses toward the end of the interval, such that the highest 

rates of responding are occurring at the point when reward becomes available.

On the FI60 schedule, the mean quarter lives averaged over the last 10 sessions for males 

appeared to be influenced by both hyperoxia and CAPS, as the H CAPS group was the only 

group with quarter life values significantly lower than A Air controls. This difference in 

males could reflect, in part the continued increase in mean quarter life values in A Air males 

coupled with slight reductions of values in the H CAPS males over the final 10 sessions and 

further separation of these values from all other treatment groups. In females, the only 

differences seen in the final 10 sessions of FI60 schedule were seen in CAPS-exposed 

females only, and no cumulative or synergistic differences seen with hyperoxia exposure.

On the FI120 schedule, the additive effect of hyperoxia and CAPS in males was sustained. 

In females, the slopes of the mean quarter life values for H CAPS, but not for H AIR or A 

CAPS groups differed from those of A Air controls, suggesting an initial enhanced effect of 

combined hyperoxia and CAPS. The absence of this interactive effect in the final absolute 

mean quarter life values for females likely reflects the greater increases in the H CAPS 

female slope values over the final sessions, an increase that was not seen in H CAPS males. 

Collectively, these findings suggest that hyperoxia could unmask and enhance the 

neurodevelopmental consequences of ambient UFP exposures with regards to learning in a 

subtle sex-specific fashion. Such data are critical as cognition is an outcome that may be 

particularly relevant for high risk populations such as premature infants (Maxwell et al. 

2017) that may sequentially experience these risk factors during development.

Beyond temporal control, this study also examined extinction behavior; i.e., the reduction in 

frequency of a learned behavior when that behavior is no longer reinforced (Figure 6). 

Interestingly, again females exhibited learning deficits, i.e., a slower reduction in response 

rates observed in the H CAPS group, suggesting that hyperoxia primed the vulnerability of 

females to a subsequent CAPS exposure, similarly to the alterations in mean quarter life 

values of this group of females on the FI120 schedule. These results represent a potentially 

disturbing scenario, where both for the learning of temporal control on the FI schedule and 

the breaking of the association between responding and reward during extinction, females 
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that were exposed to hyperoxia alone were somewhat resilient to its effects, whereas it was 

only in the context of subsequent CAPS exposure, that a “silent” effect of hyperoxia was 

unmasked. Equally disconcerting were the apparent cumulative effects of hyperoxia and 

CAPS on acquisition of temporal control under conditions of both the FI60 and FI120 

schedules of reward, with the changes in mean quarter life values of the H CAPS groups 

being proportional to the additive effects induced by each insult alone. The basis for the sex 

differences in vulnerability to hyperoxia and CAPs are as yet unknown, but greater impacts 

of both CAPS (Allen et al. 2014a; Allen et al. 2015) and of hyperoxia (Lingappan et al. 

2016; Namba et al. 2016) have been described in males, with the latter being attributed in 

some studies to sex-related differences in cytochrome P-450 (CYP)1a (Lingappan et al. 

2015; Macak-Safranko et al. 2011).

One of this study’s novel findings it that hyperoxia, a potential consequence of preterm 

birth, and postnatal air pollution exposure both affect learning on a fixed-interval schedule of 

reinforcement, a behavioral paradigm in which characteristic response patterns translate 

across many-species, including humans (Lowe et al. 1978). The temporal control and 

extinction deficits appear not to reflect sheer differences in motor activity, given that there 

were no significant differences in activity levels as measured using a locomotor assay, which 

suggests that these deficits represent cognitive alterations. However, the specific mechanisms 

of timing deficits observed in this study require further behavioral analyses to gain clarity 

and determine the associated neurobehavioral mechanisms, i.e. attention, motivation, and/or 

impulsivity. Preterm birth has been linked to cognitive delay at all stages of development in 

humans. Preterm birth and very low birth weight are associated with delayed academic 

functioning in children (Reijneveld et al. 2006), adolescents (Odd et al. 2016; Stewart et al. 

1999), and adults (Strauss 2000). Increasingly studies recognize adverse effects of air 

pollution on cognitive development. Black carbon exposure, a surrogate for air pollution, 

was associated with cognitive decline in schoolchildren in Massachusetts (Suglia et al. 2008) 

and fine particulate matter exposure was associated with decreased verbal learning in adults 

(Gatto et al. 2014). Furthermore, some shared neurodevelopmental disorders associated with 

both preterm birth and early-life exposure to air pollution, including ASD (Allman et al. 

2011), ADHD (Barkley et al. 1997), and schizophrenia (Davalos et al. 2011), all share 

deficits in temporal control.

Beyond failure to acquire more precise temporally-controlled behavior and the delay in 

response rate reductions during the extinction paradigm, our study also revealed sex-and-

treatment dependent effects on other behavioral endpoints. Females exposed to CAPS alone, 

for example, displayed an increase in response rates on the FI60 schedule of reward. This 

effect is interesting given that elevated response rates on the FI schedule of reinforcement 

have been shown to be a surrogate for ‘impulsivity’ in both infants and children (Darcheville 

et al. 1992; Darcheville et al. 1993), as assessed using a delay of reward or self-control 

paradigm. Specifically, children with higher response rates on an FI schedule tended to 

likewise show greater impulsivity, i.e., preference for smaller reward after a short delay in 

lieu of larger reward after a longer delay. By what mechanism(s) these exposures may 

influence FI rates and potentially contribute to impulsivity remains unclear, but certainly 

changes in brain mesocorticolimbic dopamine systems are a possibility (Allen et al. 2014a; 

Allen et al. 2014b; Cory-Slechta et al. 1997; Evans and Cory-Slechta 2000). Additionally, 
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hyperoxia alone increased the number of responses on the non-reinforced levers and thereby 

decreased accuracy in males on the FI 60 schedule of reward that could potentially be 

indicative of self-control deficits an inability to respond to contingencies of reinforcement 

and/or failure to discriminate absence of reward. Preterm boys have been shown to exhibit 

increased hyperactivity and attention issues within the classroom compared to preterm 

females (Samara et al. 2008).

One limitation of this study is that it examines only one potential risk factor from preterm 

birth, hyperoxia, whereas many preterm infants also experience other risk factors, potentially 

simultaneously, including hypoxia-ischemia, hypothermia, and infection. Future studies may 

want to address the potential compounding effects of air pollution exposure utilizing well-

characterized animal models that address these other preterm risk factors (Hagberg et al. 

2002). Another limitation is we do not have sufficient data on factors that could potentially 

contribute to our CAPS exposure variability including wind direction, weather data, traffic 

congestion, flights from nearby airport, etc. Further exploration of these factors on future 

exposures could provide specificity on the sources of certain constituents within the CAPS 

mixture. Also given the heterogeneous composition of CAPS, it is difficult to assess the 

underlying direct or indirect mechanisms by which CAPS and hyperoxia interact, but several 

of the predominant elements including zinc and aluminum have been linked to respiratory 

distress (Bell et al. 2014; Cakmak et al. 2014), one of the common outcomes of neonatal 

hyperoxia exposure. Compounded effects of CAPS and hyperoxia on pulmonary function 

could indirectly contribute to CNS deficits via insufficient oxygen flow to the brain or 

dysregulation of the body’s autonomic system via activation of vagal nerves in the lung. 

Brain tissues from mice used in this study are currently being processed for a full 

pathological analysis.

Both hyperoxia and CAPS exposure had protracted and sex-dependent effects on learning, 

suggesting increased risk following developmental exposures to both of these insults. By 

utilizing hyperoxia, a very common health risk associated with preterm birth and combining 

it with a realistic, real-time air pollution exposure, this study’s model provides a relevant 

context for assessing preterm infants’ vulnerability to air pollution. Results of the study 

underscore the vital need to assess the potential risk susceptibility of preterm infants in 

regions with high levels of UFP air pollution in particular and to assess developmental 

exposures to air pollution within the context of other brain and lung insults.
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Highlights

• Hyperoxia and CAPS-exposed male mice showed an augmented reduction in 

temporal control

• Hyperoxia and CAPS exposure unmasked a learning deficit in females during 

a schedule transition

• Hyperoxia and CAPS exposed females had increased response rates on an 

extinction schedule
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Figure 1. 
Exposure conditions for mice exposed to CAPS during the early neonatal period. Changes in 

particle count concentration and particle mass concentrations (A), and the median particle 

diameter across all exposure days (B).
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Figure 2. 
Ambulatory times in five minute epochs across three sessions for females (A, B, C) and 

males (D, E, F) in all four treatment groups across three 45-min sessions. Ambulatory 

movement was defined as successive breaks of multiple 2 × 2 defined photobeam virtual 

boxes within the chamber. Data are reported as average ambulatory time for each bin ± SE.
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Figure 3. 
FI60 mean response rates and accuracy for females (A, B, n= 9–10/treatment group) and 

males (C, D, n =10/treatment group). Data are reported as mean response rate or accuracy 

for each session ± SE. A linear mixed-model was used to assess for hyperoxia and CAPS 

differences with significance being defined as p ≤ 0.05. H and CAPS indicate a significant 

effect of neonatal hyperoxia or CAPS exposure respectively on the average response rate or 

accuracy, while H x Slope or CAPS x Slope are significant effects of hyperoxia or CAPS on 

learning rate. The brackets indicate the time period in which the significant effect was 

present.
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Figure 4. 
FI60 mean quarter life and average over last 10 Sessions for females (A, B, n= 9–10/

treatment group) and for males (C, D, n =10/treatment group). Data are reported as mean 

quarter life for each bin or session ± SE. A linear mixed-model was used to assess for 

hyperoxia and CAPS differences with significance being defined as p ≤ 0.05. H and CAPS 

indicate a significant effect of neonatal hyperoxia or CAPS exposure respectively on the 

average mean quarter life performance while H x Slope or CAPS x Slope are significant 

effects of hyperoxia or CAPS on learning rate. H x CAPS x Slope, indicate a significant 

interaction between hyperoxia, and CAPS on learning rate. The brackets indicate the period 

in which the significant difference was present. * indicates p ≤ 0.05 when compared to A Air 

alone with Tukey post-hoc.
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Figure 5. 
FI120 mean quarter life and average over last 2 Sessions for females (A, B, n= 9–10/

treatment group) and for males (C, D, n =10/treatment group). Data are reported as mean 

quarter life for each bin or session ± SE. A linear mixed-model was used to assess for 

hyperoxia and CAPS differences with significance being defined as p ≤ 0.05. H and CAPS 

indicate a significant effect of neonatal hyperoxia or CAPS exposure respectively on the 

average mean quarter life performance while H x Slope or CAPS x Slope are significant 

effects of hyperoxia or CAPS on learning rate. H x CAPS x Slope, indicate a significant 

interaction between hyperoxia, and CAPS on learning rate. The brackets indicate the time 

period in which the significant difference was present. *indicates p ≤ 0.05 when compared to 

A Air alone with Tukey post-hoc.
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Figure 6. 
FI60 extinction correct response rate for Session 1 and Session 2 for females (A, C, n=9–10/

treatment group) and males (B, D, n=10/treatment group). A linear mixed-model was used to 

assess for hyperoxia and CAPS differences with significance being defined as p ≤ 0.05. H 

and CAPS indicate a significant effect of neonatal hyperoxia or CAPS exposure respectively 

on average response rates while H x Slope or CAPS x Slope are significant effects of 

hyperoxia or CAPS on learning rate. H x CAPS indicate a significant interaction between 

hyperoxia, and CAPS on the average response rate. The brackets indicate the time period in 

which the significant difference was present.
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Table 1
Metal Levels in filters from filtered air (HEPA Average) and CAPS exposure from the 
HUCAPS chambers

Elemental x-ray fluorescence characterization of Teflon filters from HEPA-filtered (high-efficiency particulate 

arresting) and CAPS (concentrated ambient ultrafine particulates) exposure chambers. The HEPA-average was 

determined using three filters collected on three different days from the filtered air system. The total CAPS 

exposure was eight days with a Teflon filter collected each day, and the top twenty elements by average 

concentration in the CAPS exposure chamber as characterized by XRF are shown.

Element HEPA Average (ng/m3) CAPS Average (ng/m3) CAPS Range (ng/m3) CAPS Days above LOD (%)

S 0.006 2058.96 519.2 – 5137 100%

Eu 0.110 313.14 372.7 – 869.5 50%

Zn 0.026 297.96 24.35 – 939.5 75%

Sm 0.003 232.21 305.5 – 887.1 50%

La 0.033 200.56 200.6 – 410.4 63%

Al 0.115 163.19 92.9 – 246.8 100%

Ce 0.012 160.18 285.4 – 380.3 50%

Cs 0 151.13 91.7 – 344 63%

Sc 0.034 116.88 38.9 – 273.8 88%

Na 0.072 97.81 155.1 – 396.6 38%

Ba 0 93.88 136.3 – 345.1 38%

K 0.003 76.68 22.75 – 198.45 100%

Cu 0.039 69.01 11.6 – 138.2 100%

Si 0.009 64.24 27.8 – 105.5 100%

Tb 0 49.61 396.9 – 396.9 13%

Fe 0 47.1 13.5 – 130.9 63%

Sn 0.025 40.55 28.6 – 86.4 75%

Ca 0 28.84 14.8 – 73.8 88%

Pb 0.028 25.1 17 – 65.3 75%

W 0 24.88 199.1 – 199.1 13%
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