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Highlights 

• Gestational and lactational benzo[a]pyrene (BaP) exposure has sex and genotype-specific 
neurobehavioral effects in mice. 
 

• Female mice were more susceptible to motor deficits following developmental BaP 
exposure. Males were more susceptible to deficits in reversal learning and memory. 
 

• AhrbCyp1a2(-/-) knockout mice were more susceptible to spatial learning and memory 
deficits following developmental BaP exposure. 
 

• Poor-affinity AhrdCyp1a2(-/-) mice had deficits in spatial learning and memory 
regardless of treatment. 
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Abstract1 

 Benzo[a]pyrene (BaP) is a polycyclic aromatic hydrocarbon (PAH) and known 2 

carcinogen in the Top 10 on the United States’ list of priority pollutants. Humans are 3 

exposed through a variety of sources including tobacco smoke, grilled foods and fossil 4 

fuel combustion. Recent studies of children exposed to higher levels of PAHs during 5 

pregnancy and early life have identified numerous adverse effects on the brain and 6 

behavior that persist into school age and adolescence. Our studies were designed to look 7 

for genotype and sex differences in susceptibility to gestational and lactational exposure 8 

to BaP using a mouse model with allelic differences in the aryl hydrocarbon receptor and 9 

the xenobiotic metabolizing enzyme CYP1A2. Pregnant dams were exposed to 10 10 

mg/kg/day of BaP in corn oil-soaked cereal or the corn oil vehicle alone from gestational 11 

day 10 until weaning at postnatal day 25. Neurobehavioral testing began at P60 using one 12 

male and one female per litter. We found main effects of sex, genotype and treatment as 13 

well as significant gene x treatment and sex x treatment interactions. BaP-treated female 14 

mice had shorter latencies to fall in the Rotarod test. High-affinity AhrbCyp1a2(-/-) mice 15 

had greater impairments in Morris water maze. Interestingly, poor-affinity AhrdCyp1a2(-16 

/-) mice also had deficits in spatial learning and memory regardless of treatment. We 17 

believe our findings provide future directions in identifying human populations at highest 18 

risk of early life BaP exposure, because our model mimics known human variation in our 19 

genes of interest. Our studies also  highlight the value of testing both males and females 20 

in all neurobehavioral studies. 21 

  22 

 23 

  24 
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1. Introduction 25 

Benzo[a]pyrene (BaP) is a Group 1 carcinogen (IARC 2018) and ranked 8th on the U.S. 26 

government’s Priority Pollutants List while the entire class of compounds (polycyclic aromatic 27 

hydrocarbons) ranks 9th (ASTDR 2019). Human exposures are widespread from cigarette smoke, 28 

wildfires, fossil fuel combustion, and grilled foods (IARC 2018; ASTDR 1996). In addition to cancer 29 

risk, there is accumulating evidence from human and animal studies that BaP is neurotoxic and that the 30 

developing brain is particularly susceptible to BaP exposure. Chepelev et al. (2015) even suggested that 31 

neurotoxicity might be a more sensitive endpoint for human risk assessments than carcinogenicity. 32 

Coke oven workers with high BaP exposure had higher anxiety, impaired reaction time, and more 33 

errors on standard tests of neurobehavioral function (Qui et al. 2013). Increased exposure to traffic-related 34 

air pollution was associated with a significant decrease in sustained attention in teenagers (Kicinski et al. 35 

2015). Air pollution is also considered a risk factor for autism (Lam et al. 2016) and neurodegenerative 36 

disorders including Parkinson’s disease (Lee et al. 2016) and Alzheimer’s disease (Calderón-Garcidueñas 37 

et al. 2018).  38 

The most detailed studies including personal backpack monitors, cord blood measurements and 39 

long-term assessments of children in New York City found consistent evidence linking developmental 40 

PAH exposure to IQ deficits and behavioral problems (Perera et al. 2018; 2014; 2012). Peterson et al. 41 

(2015) reported dose-dependent reductions in white matter following both prenatal and postnatal exposure 42 

to PAHs. The changes were associated with reduced processing speed, ADHD and other behavioral 43 

problems in children tracked up to age 9. There was an inverse relationship between cord blood levels of 44 

brain-derived neurotrophic factor (BDNF) and prenatal PAH exposure (Perera et al. 2015). Prenatal PAH 45 

exposures have now been linked with academic deficits in adolescents based on tests of language, spelling 46 

and math (Margolis et al. 2021). Since many regions with high levels of PAH air pollution also suffer 47 

from psycho-social stressors, the adverse outcomes can be magnified for many at-risk populations. For 48 

example, Pagliaccio et al. (2020) found a significant interaction between prenatal PAH exposures and 49 

early life stress that persisted throughout childhood.  50 
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Not all human studies have measured PAH exposure directly, and many rely on other components 51 

of air pollution exposure such as particulate matter or nitrogen oxides (Rivas et al. 2019; Min & Min 52 

2017; Sentis et al. 2017; Fuertes et al. 2016). This can make it difficult to pinpoint the specific effects 53 

from each type of pollutant, although Jedrychowski et al. (2017) was able to demonstrate that PAH 54 

exposure was more important than PM2.5 in reducing birth weights. The number of potential confounding 55 

factors highlights the value of animal studies in identifying specific neurotoxic compounds, their 56 

mechanism of action and modifying factors such as genetics and nutrition. Indeed, numerous studies have 57 

reported neurotoxic effects from BaP exposure in multiple model systems from zebrafish to rats (Lin et al. 58 

2020; Lyu et al. 2020; McCallister et al. 2016) 59 

Our studies were designed to look at genetic differences in the aryl hydrocarbon receptor (AHR) 60 

pathway known to alter BaP metabolism (Uno et al. 2006; 2004).  We previously found that Cyp1a2(-/-) 61 

knockout mice were more susceptible to developmental PCB exposure (Colter et al. 2018; Curran et al. 62 

2012; 2011), and maternal CYP1A2 can protect offspring from gestational and lactational exposure to 63 

AHR ligands (Dragin et al. 2006; Diliberto et al. 1997). Therefore, we hypothesized that wild-type, high-64 

affinity AhrbCyp1a2(+/+) dams might be better able to sequester and detoxify BaP compared with 65 

Cyp1a2(-/-) knockouts having either the high-affinity Ahrb allele or the poor-affinity Ahrd allele. Using 66 

both knockout lines allowed us to further determine if any observed neurotoxicity was AHR-mediated. 67 

We used oral dosing to ensure that offspring were exposed only through the placenta and breast milk, 68 

because BaP exposure in food can be a significant route of exposure to pregnant women (Wang et al. 69 

2021; Duarte-Salles et al. 2013; Falco et al. 2003) and prior studies indicate oral dosing is the preferred 70 

route of exposure for assessing gene-environment interactions related to BaP toxicity (Nebert et al. 2013). 71 

2. Methods 72 

2.1 Animals 73 

 All experiments and care were conducted under protocols approved by the Northern Kentucky 74 

University Institutional Animal Care and Use Committee (IACUC) and in accordance with the ARRIVE 75 
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Guidelines (Percie du Sert et al. 2020; Kilkenny et al., 2010). Animal care and housing was in accordance 76 

with the Guide for the Care and Use of Laboratory Animals (8th ed.).  77 

2.1.1. Animal source and husbandry 78 

 Male and female C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, 79 

ME). Animals were group housed with a maximum of 4 per cage by sex and treatment group in standard 80 

polysulfone shoebox cages with static microfilter lids, corncob bedding and a 12 h:12 h light-dark cycle. 81 

Water and Lab Diet 5015 chow (18.9% protein; 11% fat, 32.6% starch) were provided ad libitum. 82 

Animals were checked daily for health concerns, and cages were changed weekly with one cotton nestlet 83 

provided for enrichment. Animals were acclimated to the vivarium for >1 wk prior to beginning 84 

experimental treatments. Cyp1a2(-/-) knockout mice were originally back-crossed at least eight 85 

generations onto a B6 background. Colonies have been maintained in the Northern Kentucky University 86 

vivarium, and knockout lines were routinely back-crossed to the B6 breeders from The Jackson 87 

Laboratory to avoid confounding by genetic drift. Nulliparous females were mated with males of the same 88 

genotype on a four-day breeding cycle. The presence of a vaginal plug was considered evidence of 89 

mating, and dams were removed from the breeding cage at that time. Litters were culled or cross-fostered 90 

to balance litter size at six pups per dam.  91 

2.1.2. Benzo[a]pyrene treatments 92 

 Benzo[a]pyrene (> 96% purity) was purchased from Millipore-Sigma and dissolved in corn oil. 93 

At gestational day 10, pregnant dams were randomly assigned to receive either 10/mg/kg/day BaP in corn 94 

oil-soaked cereal (Cap’n Crunch peanut butter) or the corn oil vehicle until pups were weaned at postnatal 95 

day 25 (P25). The dose was based on our preliminary studies to avoid overt toxicity and similar rodent 96 

studies designed to mimic known human exposures (Chen et al. 2012; Zhang et al. 2016) while 97 

accounting for the higher metabolic rate of laboratory mice. 98 

2.1.3. Verification of genotype 99 
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 Tail snips (~ 1 cm) were taken, and PCR was used to verify the genotypes of all dams, sires and 100 

offspring used in behavioral tests. Data from animals not matching the expected genotype was excluded 101 

from analysis (n=4). 102 

2.2 Behavioral testing 103 

 To verify that offspring received equivalent care, we used two tests of maternal behavior during 104 

the first week following birth. One male and one female pup from each litter were randomly selected at 105 

P25 for behavioral testing that began at P60. Experiments are presented in the order in which they were 106 

conducted. Mice underwent no more than one behavioral test per day during the light cycle, and testing 107 

was restricted to a four-hour time block to avoid confounding by circadian rhythms. Personnel handling 108 

animals for behavior experiments were blinded to treatment groups. Lighting was set at 50% of full 109 

brightness in all rooms used for behavioral testing. Male and female mice were tested separately on each 110 

apparatus. 111 

2.2.1 Dam behavior 112 

 We conducted snapshot ethograms of dam behavior within 1 h of lights on and 1 h of lights off to 113 

assess general care of pups and maternal behavior. The percent time spent on nest during each 1 h 114 

observation period was compared. We also used a scale of 0-3 to rate nest quality with 0 being the 115 

absence of a nest and 3 being a fully developed nest including roof. 116 

2.2.2 Open field locomotor activity 117 

 Mice were placed in a square plexiglass chamber (41 cm x 41 cm) for 60 min while a Photobeam 118 

Activity System (San Diego Instruments, San Diego, CA) tracked animal activity during 12 five-min 119 

intervals. The number of beam breaks was used as a measure of ambulatory activity. A second row of 120 

photobeams detected rearing movements. Chambers were cleaned with 70% ethanol between each test.  121 

2.2.3 Acoustic startle with pre-pulse inhibition 122 

 The SR-Lab apparatus (San Diego Instruments, San Diego, CA) was used to test baseline startle 123 

response and sensorimotor gating with a 120 db startle stimulus and pre-pulses of 74 and 76 db. A Latin 124 

Squares design was used with four trial types randomly presented over a total of 48 trials. Peak response 125 
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amplitudes (Vmax) were recorded, and the percent attenuation following the pre-pulse tones was 126 

calculated (Curran et al. 2012). 127 

2.2.4 Pole climb 128 

 To test motor coordination, mice were placed at the top of a 50 cm pole facing upwards. The time 129 

required to turn downward and total time to descend to the home cage were recorded (Colter et al. 2018).  130 

2.2.5 Rotarod 131 

 After two days of acclimation, mice were tested for five days on a Rotarod (IITC Life Science 132 

Inc., Woodland Hills, CA.) to assess motor coordination and motor learning. The Rotarod was 133 

programmed to accelerate from 0-20 rpm over 180 s with a 300 s maximum trial time. Mice were given 134 

three trials/day and the latency to fall or slip was recorded. The apparatus was cleaned between each trial 135 

to avoid odor interference (Colter et al. 2018).  136 

2.2.6 Novel object recognition 137 

 Mice were acclimated to a circular arena (91 cm) with no objects present for two days followed 138 

by two days of acclimation with objects present similar in size to test objects, but with distinctly different 139 

shapes and colors. On the fifth day, mice accumulated 30 s of exploration of two identical objects in the 140 

familiarization phase. One hour later, visual recognition memory was tested by presenting a copy of the 141 

familiar object and a novel test object. Again, each mouse accumulated 30 s total exploration time. The 142 

percent time exploring the novel object was compared. Familiar and test objects were counter-balanced to 143 

avoid confounding by object preference (Brown et al. 2020).  144 

2.2.7 Morris water maze 145 

The Morris water maze was used to assess hippocampal dependent spatial learning and memory 146 

using a four-phase paradigm. (Brown et al. 2020, Curran et al., 2011, 2012; Vorhees and Williams, 2006). 147 

In each phase, mice were placed in random start locations around a 112 cm tank with the goal of finding 148 

an escape platform. Water temperature was maintained at 22° C ± 2° C, and the water was colored with 149 

non-toxic white tempera paint to obscure the platform location. In the Cued phase, curtains were drawn 150 

and an orange ping-pong ball on a pole in the center of a 10 cm circular platform served as a proximal cue 151 
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to the escape platform’s location. The Cued phase demonstrated that mice could swim and could use 152 

visual cues to find the escape platform. All mice successfully completed this phase and moved into the 153 

Hidden Platform phases. Mice received 4 trials/day with a 15 min inter-trial interval for 6 days followed 154 

by a 30 s Probe trial with the platform removed on day 7. Curtains were opened to reveal distal cues 155 

around the room. Platform size decreased each week from 10 cm to 7 cm to 5 cm, and each week the 156 

platform was moved to a new location. Latency to escape, distance traveled, swim speed, and average 157 

distance to the escape platform were recorded by AnyMaze™ software (Stoelting, Inc.). Mice that did not 158 

reach the platform within 60 s were guided to the platform and kept on the platform for 15 s. For probe 159 

trials, average distance to the target and target zone crossings were recorded.  160 

2.2.8 Data analysis 161 

Data were analyzed by the KY-INBRE Applied Statistics Laboratory at the University of Kentucky 162 

using SAS Proc Mixed and slice effects when significant differences were found. Corrections were made 163 

for multiple post-hoc analyses. Swim speed was used as a covariate with latency to escape in Morris 164 

water maze. A repeated measures design was used for Rotarod and Morris water maze with day as the 165 

repeated measure and in Open Field Locomotor with interval as the repeated measure. Significance was 166 

set as P < 0.05, and trends are noted if P < 0.1. Data are presented as LS means, and error bars represent 167 

the standard error of the mean. Based on prior experience with mouse behavior, we used 15-20 litters per 168 

group to generate sufficient power for analyses. 169 

3. Results 170 

3.1 Dam behavior 171 

There were no significant differences in maternal care based on genotype or treatment when 172 

comparing time spent on nest and nest quality (P > 0.05; data not shown). 173 

3.2 Open field locomotor activity 174 

There was a significant gene x treatment interaction when comparing time spent in the periphery v. 175 

the central region of the arena. BaP-treated AhrdCyp1a2(-/-) mice spent less time in the central region, 176 

which is generally considered an indication of increased anxiety-like behavior (P < 0.05; Fig. 1). There 177 
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was also a main effect of genotype with AhrbCyp1a2(-/-) mice spending significantly more time in the 178 

central region compared with the other two genotypes. When comparing total beam breaks in each 5-179 

minute interval, BaP-treated high-affinity AhrbCyp1a2(-/-) mice were more active than their corn oil 180 

controls while BaP-treated poor-affinity AhrdCyp1a2(-/-) mice were less active than their corn oil 181 

controls. However, the differences were only significant in one of the 12 intervals. All groups showed 182 

normal habituation over the 1 h period with lower activity in the later intervals (data not shown). 183 

 184 

3.3 Acoustic startle with pre-pulse inhibition 185 

 We found the expected sex difference in the baseline startle response with heavier males 186 

having a higher amplitude compared with females (P < 0.001) and a significant main effect of 187 

genotype with high-affinity AhrbCyp1a2(-/-) mice having a much lower baseline startle response 188 

compared with the other two genotypes (P < 0.001; Fig.2). There was no effect of treatment or 189 

Fig. 1 Open field locomotor activity. BaP-exposed AhrdCyp1a2(-/-) mice spent significantly less time 
in the central area of the apparatus compared with all other groups.  * P < 0.05 
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genotype on sensorimotor gating with all groups showing attenuation under the two pre-pulse 190 

conditions. 191 

 192 

3.4 Pole climb 193 

 There was a main effect of genotype in the pole climb experiment. High-affinity 194 

AhrbCyp1a2(-/-) mice had significantly shorter latencies to turn and to descend the pole (P < 195 

0.001; Fig. 3). There was also a main effect of sex with females having shorter latencies to turn 196 

(P < 0.05) and descend (P < 0.01), but there was no effect of BaP treatment (P > 0.05; data not 197 

shown). 198 

 199 

Fig. 2 Baseline startle response. AhrbCyp1a2(-/-) mice had a significantly lower response to the 120 
db startle stimulus compared with the other two genotypes.  *** P < 0.001 

Fig. 3 Pole climb results. AhrbCyp1a2(-/-) mice had a significantly faster times to turn and descend a 
50 cm pole.  *** P < 0.001 
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3.5 Rotarod 200 

 There was a significant sex x treatment interaction in the Rotarod test. BaP-treated female 201 

mice had shorter latencies to fall off the rotarod on all five days of testing compared with control 202 

females; however, the differences were only significant on two of five days of testing (P < 0.05; 203 

Fig. 4A). Interestingly, BaP-treated males had longer latencies than corn oil-treated males on 204 

days 3-5 of testing and significantly longer latencies on two days of testing indicating greater 205 

motor learning over the 5-day test (Fig. 4B). 206 

 207 

3.6 Novel object recognition 208 

 There was a trend for significance in Novel Object Recognition with BaP-treated mice 209 

spending less time exploring the novel object (P = 0.095; Fig. 5A). Interestingly, the greatest 210 

differences were seen in the two lines of Cyp1a2(-/-) knockout mice although there was not a 211 

significant gene x treatment interaction (P > 0.05; Fig. 5B). 212 

Fig. 4A-B Rotarod results. A. BaP-exposed female mice had shorter latencies to fall off the rotarod on days 
3 and 4 of testing. B. BaP-exposed males had longer latencies on days 3 and 4.  * P < 0.05 
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 213 

3.7 Morris water maze 214 

 In the Cued phase with a visible cue on the platform, all mice were able to swim and 215 

locate the escape platform. However, poor-affinity AhrdCyp1a2(-/-) mice had significantly longer 216 

escape latencies on four of six days of testing (Fig. 6). There was a main effect of treatment (P < 217 

0.05) on day2 and 6 with BaP-treated mice having longer latencies compared with corn oil-218 

treated controls.  219 

 220 

Fig. 5A-B Rotarod results. A. BaP-exposed mice spent less time observing the novel object compared to 
controls. B. BaP-exposed knockout mice explored the novel object less compared with their corn oil controls.  
# P < 0.1. 

Fig.6 Morris water maze Cued Phase. Poor affinity AhrdCyp1a2(-/-) knockout mice had longer latencies to 
escape on days 1, 3, 4 and 6.  * P < 0.05, ** P < 0.01, *** P < 0.001 
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 In the hidden platform phases, there was a significant main effect of genotype in all three 221 

phases with poor-affinity AhrdCyp1a2(-/-) mice having longer path lengths to the escape 222 

platform on all but two days of testing (Figs 7A-C). In the Acquisition phase of the hidden 223 

platform trials, there was a main effect of treatment on three of the first four days of testing, 224 

indicating it took BaP-treated mice longer to learn the location of the escape platform. There was 225 

a significant gene x treatment interaction on two days of testing and a trend toward significance 226 

on two other days with BaP-treated AhrbCyp1a2(-/-) knockouts showing the greatest 227 

impairments (Figs. 8A-C). In the Reverse phase, there was a significant main effect of treatment 228 

on four days of testing with BaP-treated mice having longer average distances to the escape 229 

platform (Fig. 9) and a significant sex x treatment interaction (P < 0.05) on two days of testing 230 

with BaP-treated males having longer path lengths compared to corn oil-treated control males. 231 

The opposite trend was seen in females. There was a trend for significance of treatment on Day 5 232 

of the Shift-reduced phase (P = 0.051) and a significant difference on Day 6 for average distance 233 

to the platform (P < 0.01).  234 
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 236 

 237 

Fig.7A-C Morris water maze Hidden Phases. Poor affinity AhrdCyp1a2(-/-) knockout mice had longer path 
lengths on days 1, 3, 4, 5 and 6 in the Acquisition phase (A) on all six days of testing in the Reverse phase 
(B) and on days 1, 3, 4, 5 and 6 of the Shift-reduce phase (C).  * P < 0.05, ** P < 0.01, *** P < 0.001 

Fig.9 Morris Reverse treatment effect. BaP exposed mice had significantly longer average distances to the 
escape platform on days 3-6.  * P < 0.05, ** P < 0.01, *** P < 0.001 

Fig.8A-C Morris Acquisition gene x treatment interaction. BaP-exposed high-affinity AhrbCyp1a2(-/-) 
knockout mice had significantly longer path lengths on days 1 and a trend for significance on days 4 and 5. # 
P < 0.1, * P < 0.05 
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In the Probe trials, BaP- treated mice had significantly longer average distances to the 238 

platform in the Acquisition and Reverse phases (P < 0.05) and a trend for significance in the 239 

Shift-reduced phase (P = 0.68, Fig.10). There was a significant gene x treatment interaction for 240 

target zone crossings in the Shift-reduced phase with BaP-treated AhrbCyp1a2(+/+) wild type 241 

mice having more crossings than their corn oil-treated controls. In contrast, BaP-treated 242 

AhrbCyp1a2(-/-) knockout mice had fewer crossings than their corn oil-treated controls (P < 243 

0.05).  244 

 245 

4. Discussion 246 

Using a mouse model with allelic differences at the Ahr and Cyp1a2 loci, we examined adult offspring 247 

exposed to benzo[a]pyrene (BaP) during gestation and lactation, a time of critical brain development. We 248 

found a variety of treatment, sex and genotype effects and multiple interactions using a battery of behavioral 249 

tests to assess locomotor activity, sensorimotor gating, motor function, and learning and memory. Our 250 

findings of BaP neurotoxicity are consistent with previous rodent studies (Patel et al. 2016; McCallister et 251 

Fig. 10 Morris Probe trials. BaP exposed mice had significantly longer average distances to the platform 
location in the Acquisition and Reverse probe trials and a trend for significance in the Shift-reduced phas.  
* P < 0.05, # P < 0.1 
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al. 2016; Maciel et al. 2014). Importantly, there were no differences in maternal care based on two measures 252 

of dam behavior. Therefore, it is highly likely that the adverse effects reported here were due to BaP 253 

exposure and the reported interactions of genotype x treatment and sex x treatment have helped to identify 254 

the groups most susceptible to early life BaP exposure. 255 

 BaP-treated poor-affinity AhrdCyp1a2(-/-) knockout mice spent significantly less time in the central 256 

area of the open field locomotor apparatus compared with all other groups; however, the percentage of time 257 

in the center was still well above 70%. Therefore, it would be difficult to conclude that this indicates 258 

increased anxiety-like behavior. There was no effect of BaP treatment in the Pole Climb test, but there was 259 

a sex x treatment interaction in Rotarod. BaP-treated females were impaired relative to corn oil-treated 260 

females whereas BaP-treated males out-performed corn oil-treated males overall. Liu et al. (2002) and Patel 261 

et al. (2016) both reported impairments in Rotarod following BaP treatment in male Wistar rats, but to our 262 

knowledge, this is the first report of sex-specific effects in Rotarod following developmental BaP exposure. 263 

In human studies, Dix-Cooper et al. (2012) reported impaired fine motor skills in school-aged children 264 

exposed to wood smoke in cooking fires and carbon monoxide. Our findings indicate that PAH exposure 265 

should also be considered as a possible causative agent.  266 

It will also be important to look for sex differences in BaP tissue levels. Singh et al. (1997) 267 

demonstrated that higher expression of three glutathione S-transferases in male A/J mice protected them 268 

from tumors following BaP exposure compared with females. Although all mice in this study are on a 269 

C57BL/6J background, it’s plausible that these females were also less able to detoxify BaP, resulting in a 270 

higher body burden and greater neurotoxicity compared with males. On the other hand, there was a sex x 271 

treatment interaction in the Reverse phase of Morris water maze with BaP-exposed males having greater 272 

impairments than females. Therefore, future studies should include neurotransmitter analyses of all relevant 273 

brain regions to determine if there are sex-dependent effects that could explain the observed differences in 274 

susceptibility. 275 

 BaP-exposed high-affinity AhrbCyp1a2(-/-) knockout mice had longer path lengths compared to 276 

corn oil control mice in the Reverse Phase of Morris water maze, and both lines of BaP-exposed knockout 277 
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mice spent less time exploring the novel object compared with wild type mice. This indicates that both 278 

Cyp1a2 and Ahr genotype are important when considering susceptibility to developmental BaP exposure 279 

on measures of hippocampal dependent learning and memory. Both genes are highly variable in the human 280 

population (Zhou et al. 2010; Nebert 2017; Nebert et al. 2013), and our mouse model was designed to 281 

mimic that genetic variation. Further work is needed to determine how genotype affects the transfer of BaP 282 

from dam to fetus and offspring during gestation and lactation, but previous work with AHR agonists clearly 283 

indicate that maternal genotype is critical to sequestering and metabolizing persistent organic pollutants 284 

such as coplanar PCBs and dioxins (Curran et al. 2011; Dragin et al. 2006; Diliberto et al. 1997). CYP1A1 285 

induction will be higher in Ahrb mice compared with Ahrd mice, and both CYP1A1 and CYP1A2 are 286 

expressed in liver and the intestines (Uno et al. 2008). Therefore, it is likely we will find different levels of 287 

the parent BaP compound and metabolites in tissues from each genotype tested and that differential 288 

toxicokinetics could account for the observed differences in neurotoxicity. This is important, because Patel 289 

et al. (2016) reported that acute neonatal exposure to BaP  increased oxidative stress in the hippocampus, a 290 

region essential for normal learning and memory. We would expect to see higher levels of oxidative stress 291 

in animals with a higher body burden during early brain development, which would suggest a potential 292 

mechanism for differential neurotoxicity. 293 

Beyond the BaP effects, we found poor-affinity AhrdCyp1a2(-/-) knockout mice had significant 294 

impairments in the Cued and Reverse phases of Morris water maze. This is consistent with our previous 295 

findings of impaired spatial learning and memory in this line of mice (Curran et al. 2012). High-affinity 296 

AhrbCyp1a2(-/-) knockout mice had shorter latencies to turn and descend in the Pole Climb test. Although 297 

this cannot be considered an impairment, it does suggest a difference in motivation or potentially anxiety-298 

like behavior that can be further explored with tests such as Zero Maze and Marble Burying. These results 299 

emphasize the importance of thoroughly characterizing the neurobehavioral phenotype of knockout mice 300 

prior to drawing conclusions relative to environmental exposures. Given recent findings regarding the role 301 

of AHR activation and the microbiome (Korecka et al. 2016; Nebert 2017) and the effects of BaP on the 302 
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gut microbiome (Ribière et al. 2016), these mice are likely to be extremely useful in understanding normal 303 

and perturbed signaling along the gut-brain axis. 304 

Given the widespread of exposure to BaP through fossil fuel combustion, wildfires, and grilled 305 

food (ASTDR 2019; Jedrychowski et al. 2012), the impact of PAH exposure on human health will remain 306 

an important public health concern. Recent studies have strongly associated prenatal and early life PAH 307 

exposure with adverse behavioral and neurological outcomes in school-aged children and adolescents 308 

(Margolis et al. 2021; Perera et al. 2018; Peterson et al. 2015). Teasing out the causative agent and threshold 309 

for adverse effects becomes more difficult when studying human populations because there are typically 310 

multiple co-exposures such as ozone, nitrogen oxides and particulate matter. Individuals living in urban 311 

areas with high levels of traffic-related air pollution are also more likely to face additional psycho-social 312 

stressors and the lingering contamination from lead paint and lead water lines. 313 

5. Conclusions 314 

 We found expected BaP-mediated impairments in learning and memory with high-affinity 315 

AhrbCyp1a2(-/-) showing the greatest susceptibility to developmental BaP exposure. We identified sex as 316 

a key variable for motor function deficits with BaP-exposed females having impairments whereas males 317 

did not. Intriguingly, we found numerous differences based on genotype alone. These findings replicate and 318 

extend our previous work with Cyp1a2(-/-) knockout mice and suggest that our genes of interest have a 319 

normal function in brain development or function. This emphasizes the importance of using intact animal 320 

models to gain a deeper understanding of neurodevelopment and neurobehavior and the potential value of 321 

these lines of research. 322 
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