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ABSTRACT

Paraoxonase 2 (PON2) is an intracellular antioxidant enzyme shown to play an important role in mitigating
oxidative stress in the brain. Oxidative stress is a common mechanism of toxicity for neurotoxicants and is
increasingly implicated in the etiology of multiple neurological diseases. While PON2 deficiency increases
oxidative stress in the brain in-vitro, little is known about its effects on behavior in-vivo and what global
transcript changes occur from PON2 deficiency. We sought to characterize the effects of PON2 deficiency on
behavior in mice, with an emphasis on locomotion, and evaluate transcriptional changes with RNA-Seq.
Behavioral endpoints included home-cage behavior (Noldus PhenoTyper), motor coordination (Rotarod) and
various gait metrics (Noldus CatWalk). Home-cage behavior analysis showed PON2 deficient mice had increased
activity at night compared to wildtype controls and spent more time in the center of the cage, displaying a
possible anxiolytic phenotype. PON2 deficient mice had significantly shorter latency to fall when tested on the
rotarod, suggesting impaired motor coordination. Minimal gait alterations were observed, with decreased girdle
support posture noted as the only significant change in gait with PON2 deficiency. Beyond one home-cage
metric, no significant sex-based behavioral differences were found in this study. Finally, A subset of samples
were utilized for RNA-Seq analysis, looking at three discrete brain regions: cerebral cortex, striatum, and cere-
bellum. Highly regional- and sex-specific changes in RNA expression were found when comparing PON2 defi-
cient and wildtype mice, suggesting PON2 may play distinct regional roles in the brain in a sex-specific manner.
Taken together, these findings demonstrates that PON2 deficiency significantly alters the brain on both a
biochemical and phenotypic level, with a specific impact on motor function. These data have implications for
future gene-environment toxicological studies and warrants further investigation of the role of PON2 in the
brain.

1. Introduction

lactone hydrolysis (Draganov et al., 2005). Of the PONs, PON2 has the
highest hydrolytic activity for acyl-homoserine lactones (acyl-HCL),

Paraoxonase 2 (PON2) is a member of the paraoxonase gene family,
consisting of three closely related genes: PON1, 2 and 3. Phylogenic
analysis suggests PON2 to be the oldest of the PONs, from which PON1
and 3 evolved (Draganov and La Du, 2004). Although the gene family
was named for the esterase activity of PON1 against the organophos-
phate paraoxon, PON2 does not hydrolyze paraoxon, but may hydrolyze
methyl-paraoxon (Bar-Rogovsky et al., 2013). All three PONs possess
lactonase activity and have both overlapping and distinct substrates for
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molecules which act as bacterial quorum-sensing signals and function as
key modulators of the host inflammatory response to Pseudomonas
infection (Stoltz et al., 2007; Teiber et al., 2008; Horke et al., 2010).
Outside of quorum quenching, the significance of the lactonase activity
of PON2 and the potential native substrates it may target are largely
unknown, although recent work has begun to elucidate native targets for
PONT1 and 3 (Teiber et al., 2018).

While PON1 circulates associated with HDL in plasma and PON3
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both circulates and is found intracellularly, PON2 is a ubiquitously
expressed intracellular enzyme that does not circulate and is primarily
located at the inner mitochondrial membrane (Altenhofer et al., 2010;
Devarajan et al., 2011). It is observed in all tissues examined, with the
highest expression found in the lung, liver, intestines, heart, brain, and
kidneys respectively (Furlong et al., 2016; Giordano et al., 2011). PON2
has been shown to be developmentally regulated in an organ-specific
manner, with different expression patterns over development in the
brain and liver (Garrick et al., 2016). At the inner mitochondrial
membrane, PON2 associates with co-enzyme Q1¢, and is thought to play
a role maintaining redox balance during oxidative phosphorylation
(Devarajan et al., 2011). In addition to the mitochondria, PON2 has also
been found at the cell membrane in neurons and astrocytes (Giordano
et al., 2011). In-vitro studies in HEK 293 T cells have shown that PON2
translocates to the plasma membrane under oxidative stress conditions
through increased Ca®" signaling, and functions to mitigate lipid per-
oxidation (Hagmann et al., 2014), but it is not known if this mechanism
is responsible for the observed membrane expression in neurons and
astrocytes.

PON2 has been demonstrated to exert an antioxidant effect in
various cell types (Ng et al., 2001; Horke et al., 2007; Levy et al., 2007;
Giordano et al., 2011; Giordano et al., 2013) and is necessary for
mitochondrial homeostasis, as PON2 deficient mice display mitochon-
drial dysfunction (Devarajan et al., 2011). Superoxide (O3) is an inci-
dental by-product of the electron transport chain at the mitochondrial
membrane and leads to the production of hydrogen peroxide (HO2),
another reactive oxygen species (ROS), which can further produce hy-
droxyl radicals (Kehrer and Klotz, 2015). This suggests that the mito-
chondria is an important site for antioxidant action to mitigate cellular
damage caused by these radicals. Oxidative stress is a principal mech-
anism by which endogenous and exogenous neurotoxicants exert
toxicity (Sayre et al., 2008; Deavall et al., 2012) and higher levels of ROS
are associated with numerous morbidities such as cardiovascular disease
(Panth et al., 2016), cancer (Kumari et al., 2018), diabetes (Asmat et al.,
2016), and neurodegenerative diseases (Kim et al., 2015), highlighting
the clinical importance of proper oxidative balance.

In the brain, PON2 expression has been found highest in dopami-
nergic regions such as the striatum, nucleus accumbens and substantia
nigra (Giordano et al., 2011). Differential expression among cell types
has also been observed, with astrocytes expressing significantly more
PON2 than neurons (Giordano et al., 2011). PON2 deficiency in both
brain cell types impairs their ability to recover from oxidative stress
generated by in-vitro exposure to the oxidants hydrogen peroxide
(H202) and 2,3-dimethoxy-1,4-naphthoquinone (DMNQ) (Giordano
et al., 2011). Glutathione, a principal antioxidant in the body, does not
appear to be altered by PON2 deficiency, indicating that the observed
sensitivity to oxidant challenge in PON2 deficient cells is due to the loss
of PON2 and not the loss of additional antioxidant function (Giordano
et al., 2011). As such, PON2 appears to be a critical antioxidant enzyme
in the brain and warrants additional investigation.

To further characterize the effects of PON2 deficiency in the brain,
we sought to determine if PON2 deficient mice display a behavioral
phenotype, with particular emphasis on motor behavior, as PON2 is
expressed highest in dopaminergic regions and motor deficits are hall-
marks of dopaminergic neuron loss (Grosch et al., 2016). Additionally,
we conducted brain transcriptomic analyses using RNA-Seq to compare
mRNA expression changes in brain tissue from PON2 deficient and
wildtype (WT) mice, aimed at further understanding the pathways and
processes in which PON2 is involved. Taken together with existing
literature, the results of this study begin to provide a more robust un-
derstanding of the role of PON2 in the brain and offers compelling ev-
idence for further toxicological study of PON2.
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2. Materials and methods
2.1. Mice

Male and female WT and PON2 deficient (PON2-def) mice (Ng et al.,
2006) on a C57BL/6 J background were used for this study. Seven to ten
animals were used per sex per group. Mice were bred from PON2-def
heterozygous crosses with resulting WT and PON2-def homozygous lit-
termates used in rolling cohorts. Behavioral testing began at 3-4 months
of age. Mice were housed in a specific pathogen-free facility on a 14-h
light/ 10-h dark cycle with ad libitum access to food and water. All
procedures were conducted in accordance with the National Institute of
Health Guide for the Use and Care of Laboratory Animals and were
approved by the University of Washington Institutional Animal Care and
Use Committee.

2.2. Tissues

Mice were sacrificed at 3-4 months of age upon conclusion of
behavioral testing utilizing a carbon dioxide chamber. Cerebral cortex,
striatum, and cerebellum were freshly dissected (Spijker, 2011; Pacheco
et al., 2017) and flash frozen in liquid nitrogen. Tissues were pulverized
with a pre-chilled mortar and pestle into a fine powder, stored at —80 °C
and aliquoted into appropriate buffers for later testing (Yu et al., 2020).

2.3. Noldus PhenoTyper

Home-cage behavior was evaluated as the first behavioral endpoint
using the Noldus PhenoTyper system (Noldus Information Technology,
Wageningen, The Netherlands). Mice were placed into plexiglass cages
measuring 30 x 30 cm with cameras recording from the cage top
downward. All cages were recorded simultaneously for 67 h, beginning
at 12 PM and ending at 7 AM. EthoVision XT software (Noldus Infor-
mation Technology, Wageningen, The Netherlands) was used to track
the movement of the mice for the duration of the experiment. Utilizing
this software, the cage is divided into various zones (arena center, arena
perimeter, food hopper, water bottle, hidden shelter) and the amount of
time spent within each zone, as well as the travel between zones and the
speed of their travel is recorded for each mouse. Relative measurements
of the arena areas were as follows: arena center 293 cm?, arena perim-
eter 347 cm?, food hopper 58 cm?, water bottle 40 cm? and hidden
shelter 106 cm?. Standard cob bedding was provided with no nesting
material, as any additional nesting material in the cage could interfere
with tracking. Mice were able to freely enter a plastic enclosure (termed
‘hidden shelter’) with two entry/exit points.

2.4. Noldus CatWalk

Gait assessment took place 3-5 days after PhenoTyper analysis using
the Noldus CatWalk XT system (Noldus Information Technology,
Wageningen, The Netherlands). Gait metrics were measured focusing on
four domains: temporal parameters (average speed, cadence, swing and
swing speed), coordination (sequence regularity index and step pattern),
spatial patterns of individual paws (stride length, print intensity, print
area, print length and print width) and spatial pattern relationships
between paws (base of support and support time). A detailed protocol
for this test can be found in Supplemental Protocol 1. One animal (PON2
deficient male) was dropped from this analysis due to non-compliance,
as the animal refused to traverse the walkway.

2.5. Rotarod

Mice were moved to the testing room 15 min prior to the start of the
experiment for acclimation. A five lane Rota-Rod treadmill (Med Asso-
ciates Inc., Vermont, USA) was utilized with adjacent lanes separated by
a disk-wall. Mice were given a training trial at a constant speed of 4
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Fig. 1. PhenoTyper Setup. A. Schematic demonstrating setup of PhenoTyper cage and camera location. B. arena zones defined during PhenoTyper experiment.

RPM, 1 min on the rod and 1 min of rest for a total of 3 times. The testing
consisted of a 5-min trial with rod speed ramping from 4 RPM to 40 RPM
over the 5-min period. Time to fall (latency) was recorded when the
mouse completely fell off the rod or rode around the rod for a full rev-
olution. Each mouse was given ten 5-min test trials and the five highest
latency trials, expected to reflect the maximum ability of the mouse for
this test, were averaged to provide their latency score. Mice that
repeatedly jumped from the apparatus were removed from the study and
not included in further analysis. In total, 9 mice were removed from our
study for jumping and the genotype/sex breakdown of those removed
were as follows: WT male n = 3, PON2-def male n = 3, WT female n = 2,
PON2-def female n = 1.

2.6. RNA-Seq

RNA was extracted from 30 to 50 mg of pulverized brain tissue uti-
lizing a Qiagen RNeasy kit (Qiagen, Hilden, Germany) according to the
manufacturer's recommended protocol. The quantity of total RNA was
determined by measuring the OD260 with a NanoDrop ND-1000 Spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA). RNA purity
was assessed by measuring OD260/280 and OD260/230 ratios. RNA
integrity was determined using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). Only total RNA samples with RNA
Integrity Numbers (RIN) > 8, 0D260,/280 as well as 0D260/230 ratios
of 1.8-2.1 were used for RNA-Seq analysis. Samples were commercially
sequenced by Beijing Genomics Inc. (BGI, Shenzen, China) using their
proprietary sequencer which generates 150 nt paired-end sequences.
The reads were aligned against the Genecode M23 trranscriptome using
the Salmon aligner (Patro et al., 2015) to generate estimated counts for
each transcript. Transcript counts were summarized to gene counts
using the Bioconductor tximport package (Soneson et al., 2015). Gene
counts are proportional to the underlying transcript abundance and
were utilized as raw data for all analyses. Differential gene expression
was assessed using the Bioconductor limma package, using the ‘limma-
voom’ pipeline, which fits a weighted analysis of variance (ANOVA)
model to the log counts/million counts (Law et al., 2014). Univariate
p-values were corrected using false discovery rate (FDR), and genes were
selected at an FDR < 0.1. The data were further analyzed at the pathway
level using iPathwayGuide from Advaita Bioinformatics (https://www.
advaitabio.com/ipathwayguide). This analysis tool utilizes the ‘Impact
Analysis’ approach which takes into consideration the direction and
type of signals on a pathway as well as the role and type of specific genes
(Donato et al., 2013). Pathway and predicted upstream regulator anal-
ysis p-values were corrected for multiple comparisons utilizing FDR.
Biochemical processes and molecular functions data were corrected
utilizing a weighted pruning method which assigns weight to each gene
annotated to a gene ontology (GO) term based on the scores of neigh-
boring GO terms (Alexa et al., 2006). GO terms consisting of only one
gene were excluded from the analysis regardless of p-value.

2.7. Statistical analysis

Data are expressed as the mean + SEM of at least five independent
experiments. For the behavioral analysis, data were first analyzed by
two-way ANOVA to detect a significant sex interaction. If no sex inter-
action was observed, male and female data were combined for increased
power. One-way ANOVA followed by the Bonferroni correction for
multiple comparisons was utilized for statistical analysis of more than
two groups for the CatWalk results, while Student's t-test was utilized for
comparing two groups of the PhenoTyper, Rotarod and CatWalk results.

3. Results
3.1. Behavioral analysis

3.1.1. PhenoTyper

Home-cage behavior was analyzed for 67 h using the Noldus Phe-
noTyper system and EthoVision tracking software (Fig. 1A). The arena
zones marked in the cage are noted in Fig. 1B. Mice were allowed to
freely roam the cage and were not disturbed for the duration of the
experiment. For analysis purposes, male and female mice were com-
bined to increase power unless a sex interaction was observed. When
evaluating movement, PON2-def mice were recorded as having spent
more time moving in the cage during the dark cycle than WT mice
(Fig. 2A), as well as moving longer distances during this time (Fig. 2B).
Movement during the light cycle was unchanged. When evaluating time
spent in various zones of the arena, PON2-def mice spent significantly
more time in the center of the arena during the dark cycle than WT mice,
while no difference was noted during the light cycle (Fig. 2C).
Conversely, PON2-def mice spent significantly less time in the hidden
shelter during the dark cycle, while no difference was noted during the
light cycle (Fig. 2D). No differences were observed for time spent in the
perimeter of the arena during either light or dark cycle (Fig. 2E). A sex
interaction was noted for time spent at the food hopper, with female
PONZ2-def mice spending significantly more time at the hopper than WT
during the dark cycle, with no difference observed during the light cycle
(Fig. 2F). Time spent at the food hopper was not significantly different
for males during either cycle (Fig. 2G). Time spent at the water bottle
zone was not significantly different between PON2-def and WT mice at
either light or dark cycle (Fig. 2H).

3.1.2. Rotarod

Mice were placed on a spinning rod which increased speed at regular
intervals, beginning at 4 RPM and ramping up to 40 RPM over a 5-min
span. PON2-def mice had a significantly shorter latency to fall than WT
mice (Fig. 3), suggesting PON2 deficiency causes motor coordination
deficits. No sex interaction was observed in rotarod performance, and
male and female data were combined.
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Fig. 2. Home-cage Metrics in Wildtype and PON2 deficient Mice Assessed by PhenoTyper. A. Time spent moving in cage during the light and dark cycles (male and
female mice combined), measured in seconds (s), n = 16-17 per group, = SEM, * p < 0.05. B. Distance moved in cage during the light and dark cycles (male and
female mice combined), measured in centimeters (cm), n = 16-17 per group, &+ SEM, * p < 0.05. C. Time spent in center of arena during light and dark cycles (male
and female mice combined), measured in seconds (s), n = 16-17 per group, + SEM, * p < 0.05. D. Time spent in the hidden shelter during light and dark cycles (male
and female mice combined), measured in seconds (s), n = 16-17 per group, &+ SEM, * p < 0.05. E. Time spent in the perimeter of the arena during light and dark
cycles (male and female mice combined), measured in seconds (s), n = 16-17 per group, &+ SEM. F. Time spent at the food hopper by female mice during the light and
dark cycles, measured in seconds (s), n = 7 per group, + SEM, * p < 0.05. G. Time spent at the food hopper by male mice during the light and dark cycles, measured in
seconds (s), n = 9-10 per group, + SEM. H. Time spent at the water bottle zone during the light and dark cycles (male and female mice combined), measured in

seconds (s), n = 16-17 per group, + SEM.

3.1.3. CatWalk

Gait was assessed using the Noldus CatWalk system, with evaluated
metrics falling into four general domains: temporal parameters, coor-
dination, spatial patterns of individual paws and spatial pattern re-
lationships between paws. No sex interaction was found for the reported
gait metrics, and male and female data were combined. No differences
were observed in PON2-def mice compared to WT for the temporal
parameters of average speed of the mouse (Fig. 4A), cadence (Fig. 4B),
swing (Fig. 4C) and swing speed (Fig. 4D). Likewise, no differences were
observed in the coordination metrics of the sequence regularity index
(Fig. 4E) and percentage measurement of the step sequences (Fig. 4F).
Metrics of spatial relationships between paws were also largely

unaffected, with no observed differences in base of support (Fig. 4G) and
most postural positions examined (Fig. 4H and I). However, PON2-def
mice spent significantly less time in a girdle support posture compared
to WT (Fig. 4H), where they place their weight on either their two front
or two hind limbs simultaneously. Individual paw metrics of stride
length, print intensity, print area, print length, and print width were
similarly unaffected by PON2 deficiency (data not shown).

3.2. RNA-Seq

3.2.1. Overview
RNA-Seq was conducted using three brain regions (cerebral cortex,
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Fig. 3. Latency to Fall from Rotarod in Wildtype and PON2 deficient Mice.
Latency in seconds (s) for mice to fall from rotating rod, starting at 4 RPM and
ramping continuously to 40 RPM over a 5-min period. Male and females
combined, N = 11-13 per group, + SEM, * p < 0.05.

striatum, and cerebellum) from WT and PON2-def mice previously
tested for behavioral endpoints. PON2-def mice were confirmed to be
deficient in all regions examined, with the cerebellum showing the least
amount of PON2 expression in both sexes (Fig. 5A). When comparing
female and male expression profiles, WT mice displayed hundreds of
differentially expressed genes (FDR < 0.1) between female and males
outside of anticipated sex-chromosome specific genes (Figs. 5B — E),
with gene totals varying depending on region. However, these sex dif-
ferences appear to be lost in the cerebral cortex and striatum of PON2-
def mice, where female and male mice only differ on a handful of sex-
chromosome specific genes (Figs. 5B — D). In the cerebellum, minor
gene differences were observed for both groups, although the population

Neurotoxicology and Teratology 87 (2021) 107010

of differentially expressed genes differed (Fig. 5B and E). This loss of sex-
based differential expression does not appear to be mediated by baseline
Pon2 levels, as males and females have similar levels of Pon2 in both WT
and PON2-def populations (Fig. 5A). When comparing PON2-def and
WT mice on a regional level, differential expression was highly sex- and
region-dependent. While PON2-def female mice exhibited significant
differences compared with WT in the striatum, there were no appre-
ciable differences in the cerebral cortex and cerebellum (Fig. 6A).
Complimentarily, PON2-def male mice exhibited the opposite pattern,
with significant differences from WT in the cerebral cortex and cere-
bellum, but no differences in the striatum (Fig. 6A). There was minimal
overlap of the differentially expressed genes between regions, support-
ing discrete regional impacts due to PON2 deficiency (Fig. 6B — E).

3.2.1.1. Cerebral cortex. Comparing PON2-def and WT gene expression
in the cerebral cortex of males, 287 genes were differentially expressed.
Utilizing iPathwayGuide analysis, no significant KEGG pathways were
identified after controlling for multiple comparisons. The top 5 signifi-
cant Biological Processes Gene Ontology (GO) categories altered from
PON2 deficiency were found to be glutamate reuptake, positive regu-
lation of nuclear-transcribed mRNA poly(A) tail shortening, transcrip-
tion by RNA polymerase II, meiotic spindle organization, and peptidyl-
lysine dimethylation (Fig. 7A and B). The top 5 significant Molecular
Functions GO categories perturbed by PON2 deficiency were cycloligase
activity, methylated histone binding, RNA polymerase binding, core
promoter sequence-specific DNA binding, and chromatin binding
(Fig. 7C and D). Based on the differentially expressed genes, iPath-
wayGuide predicts upstream regulators which may be activated or
inactivated. In the cerebral cortex, transcription factors MLX interacting
protein like (Mlxipl), neuronal PAS domain protein 2 (Npas2), and
circadian locomotor output cycles kaput (Clock) were all predicted to be
activated in PON2-def mice (Fig. 8G) based on the gene expression
changes noted in Fig. 8E and F. Chemical, drug and toxicant exposure
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Fig. 4. Gait Metrics Measured by CatWalk in Wildtype and PON2 deficient Mice. A. Average speed of mice, measured in centimeters/s (cm/s), n = 16 per group, +
SEM. B. Cadence of mice, measured as number of steps/s (steps/s), n = 16 per group, + SEM. C. Swing of mice, measured in centimeters (cm), n = 16 per group, +
SEM. D. Average swing speed of mice, measured in centimeters/s (cm/s), n = 16 per group, + SEM. E. Sequence Regularity Index of gait, measured as percent,n = 16
per group, + SEM. F. Base of support for front and hind limbs, measured in centimeters (cm), n = 16 per group, = SEM. G. Percentage of steps falling into outlined
rodent step sequences, n = 16 per group, + SEM. H. Percentage of time spent supporting in single, girdle and lateral positions, n = 16 per group, + SEM, * p < 0.05. L.
Percentage of time spent supporting in diagonal, three and four positions, n = 16 per group, + SEM. All figures combine male and female mice.
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WT (green) and PON2 deficient (purple) mice in cerebellum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

was also predicted based on gene expression profiles. This prediction
tool compared the expression profile of our samples to various com-
pounds in the iPathwayGuide database to identify exposures which
PON2 deficiency may mimic on a transcriptional level. PON2 deficiency
leads to gene expression changes like those observed after aflatoxin B1
(Fig. 8A) and dibutyl phthalate (Fig. 8B) exposure, which are both
predicted to be present (Fig. 8D). Conversely, PON2 deficiency leads to
gene expression changes suggesting the absence of troglitazone (Fig. 8C
and D), an anti-diabetic and anti-inflammatory drug. This indicates that
PON2-def mice display a transcriptional profile like that of an untreated
diabetic and/or an animal experiencing inflammation.

3.2.1.2. Striatum. Comparing PON2-def and WT gene expression in the
striatum of females, 64 genes were differentially expressed. iPath-
wayGuide analysis identified the top 5 significantly altered KEGG
pathways due to PON2 deficiency as basal cell carcinoma, melanogen-
esis, hippo signaling pathway, breast cancer and Cushing syndrome
(Fig. 9A). All pathways were linked to changes in the same gene set
(Fig. 9B). The top 5 significant Biological Processes GO categories
altered from PON2 deficiency were found to be regulation of asymmetric
cell division, Wnt signaling pathway involved in midbrain dopaminergic
neuron differentiation, forebrain neuroblast division, cerebellar granule
cell differentiation, and negative regulation of signaling receptor ac-
tivity (Fig. 9C and D). The top 5 significant Molecular Functions GO
categories affected by PON2 deficiency were steroid hormone receptor
activity, delayed rectifier potassium channel activity, frizzle binding,

transcription cofactor binding and GTPase activity (Fig. 9E and F). No
significant upstream regulators were identified in the striatum.

3.2.2. Cerebellum

Comparing PON2-def and WT gene expression in the cerebellum of
males, 260 genes were differentially expressed. iPathwayGuide analysis
identified no significant altered KEGG pathways after controlling for
multiple comparisons. The top 5 significant Biological Processes GO
categories affected by PON2 deficiency were found to be negative
regulation of transcription by RNA polymerase II, inactivation of MAPK
activity, ADP biosynthetic process, glutamate reuptake, and histone H3
deacetylation (Fig. 10A and B). The top 5 Molecular Functions GO cat-
egories altered with PON2 deficiency were identified as protein tyro-
sine/serine/threonine phosphatase activity, transcription cofactor
binding, pre-mRNA binding, RNA polymerase II regulatory region
sequence-specific DNA binding, and protein kinase B binding (Fig. 10C
and D). Based on the differentially expressed genes noted in Fig. 11A,
predicted upstream regulators in the cerebellum were transcription
neuronal PAS domain protein 2 (Npas2), circadian locomotor output
cycles kaput (Clock) and aryl hydrocarbon receptor nuclear translocator
like (Arntl) (Fig. 11B).

4. Discussion

Limited attention has been given to the role of PON2 in the central
nervous system (CNS). As oxidative stress is increasingly implicated in
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multiple disease etiologies and known as a common mechanism by
which neurotoxicants exert toxicity, further characterization of antiox-
idant genes, like PON2, in the CNS is warranted to inform gene-
environment interaction studies. Single nucleotide polymorphisms
(SNPs) affecting PON2 activity, potentially mimicking a ‘deficient’ state,
are known to exist in the population (Dasgupta et al., 2011), under-
scoring a translational benefit to thoroughly understanding the effects of
PON?2 deficiency.

When evaluating behavior, PON2 deficiency in our study signifi-
cantly impacted multiple home-cage metrics. Changes were only
observed during the dark cycle, when mice are at peak wake activity
(Ripperger et al., 2011). PON2-def mice spent more time moving and
moved longer distances than WT, suggesting a mild hyperactivity
phenotype. PON2-def mice also spent significantly more time in the
center of the arena and less time in the hidden shelter. As prey animals,
mice possess a defensive instinct and naturally prefer the safety of the
hidden shelter, as open areas lend them to predation in the wild. More
time spent in the center could support an anxiolytic phenotype, where
PON2-def mice are less anxious in the home-cage environment and feel
comfortable exploring the center more frequently. Additionally, this
behavior could point to a reduction in fear response, where the PON2-
def mice are unable to respond to environmental conditions which
would usually induce fear behavior. Further exploration of this behavior

using targeted tests, such as the elevated plus maze, would be beneficial,
as would assessing impacts to their conditioned fear response. The only
metric with an observed sex-interaction was time spent at the food
hopper, where PON2-def females spent significantly more time at the
hopper than WT. PON2 deficiency has recently been investigated in
relation to obesity, with PON2-def mice exhibiting diet-prone obesity
when fed a high-fat diet (Shih et al., 2019). No differences in body mass
were noted between PON2-def and WT mice in our study, nor were there
recorded differences in food consumption by hopper kibble weight (data
not shown). As such, the additional time spent by female PON2-def mice
at the food hopper may be unrelated to food consumption and due to the
location of the food hopper within the cage. Alternatively, these mice
may be playing with the food for additional enrichment. Mice are singly
housed for the duration of this experiment and lack the usual social
interaction provided by their cage mates. Feasibly, PON2-def female
mice may be more sensitive to disruptions to social interaction and
require more enrichment. Further evaluation to measure social and play
behavior with PON2 deficiency would be of interest.

PONZ2-def mice had significantly shorter latency to fall during the
rotarod experiment, suggesting impaired motor coordination (Fig. 3).
When evaluated for gait metrics on the CatWalk system, PON2-def mice
also spent significantly less time using girdle postural support (Fig. 4H).
This posture is when the mice support their weight on either their two
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front or two hind limbs simultaneously. Given the nature of the rotarod
test, this reduction in girdle postural support may influence their success
on the rotarod, particularly if their ability to balance on their two front
limbs is impaired. A reduction in front limb balancing could reduce their
ability to recover from a slip on the rod, as a slip usually begins with the
loss of hind limb rod contact and forces the mouse to balance on their
two front limbs until they reestablish hind limb contact or fall off the rod
completely. Additional targeted testing of cerebellar function, both
motor and autonomic, would be of interest as the cerebellum was found
to be the tissue most deficient in Pon2.

Transcript changes were noted in a highly region- and sex-specific
manner in our study, with the full list of differentially expressed genes
available in Supplemental Tables 1-3. Although sex differences have
been reported in the literature relative to PON2 expression, with females
showing higher expression than males (Giordano et al., 2011; Giordano
et al., 2013), this was not observed in the present study where Pon2
expression in WT females and males was comparable. However, PON2
deficiency appears to significantly change the differences between fe-
male and male expression patterns on a global transcription scale as
noted in Figs. 5C — E. While WT females had hundreds of differentially
expressed genes in the cerebral cortex and striatum compared to males,
these differences were not observed in PON2-def females, with only the
expected sex chromosome genes notably different. The differential gene
expression was less dramatic in the cerebellum, where WT females had a
smaller number of differentially expressed genes compared to WT males,
and PON2-def females had a similar value. However, the composition of
these genes differed between the WT and PON2-def populations, sug-
gesting significant alterations. Taken together, these results support that
PON2 deficiency significantly affects sex-specific expression patterns

and removes sex differences in the brain at the transcript level, which
may have potential consequences on morbidities with sex interactions.

Notably, we did not observe many sex differences when evaluating
behavior in our study. Given the transcriptional results, behavioral dif-
ferences between WT male and female mice might be expected, while
PON?2 deficiency could presumably reduce or abolish these differences,
mimicking the pattern observed with the transcriptional profile. How-
ever, of the metrics measured, only time spent at the food hopper in the
PhenoTyper home-cage assessment differed in a sex-based manner
among PON2-def mice, and no statistically significant differences were
found between WT male and female mice for any tests. Sex-based dif-
ferences are often overlooked in biomedical research, with most his-
torical studies conducted utilizing only male animals (Beery and Zucker,
2011). Work to include both sexes and fully understand potential dif-
ferences has been pushed only recently, thus our understanding of
baseline sex differences in control animals is still lacking—one system-
atic review suggests between 9.9 and 56.6% of experiments exhibit
sexual dimorphic results among control animals (Karp et al., 2017).
Factors such as age, mouse strain, husbandry, diet and the estrus cycle
stage of the females at the time of testing may influence how strong the
sex-based differences are within a given cohort (McFadyen et al., 2003;
Kovacs and Pearce, 2013; Chari et al., 2020). Furthermore, these dif-
ferences may be subtle and could require a higher number of animals
than what was utilized in our study to achieve statistical significance.
Feasibly, the endpoints measured by the PhenoTyper, Rotarod and
CatWalk may not differ by sex at baseline in WT animals and may not be
the best endpoints to measure effects on sex differences with PON2
deficiency. In a large-scale study utilizing 4554 and 5311 mice,
respectively, water maze and open field results were shown to be
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Fig. 8. RNA-Seq: Predicted Upstream Regulators in the PON2 deficient Cerebral Cortex. A. Differentially expressed genes in PON2 deficient male cerebral cortex
related to aflatoxin Bl exposure. B. Differentially expressed genes in PON2 deficient male cerebral cortex related to dibutyl phthalate exposure. C. Differentially
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rate (FDR).

identical between males and female mice (Fritz et al., 2017). As well,
other investigators have found no sex differences in WT animals when
evaluating home-cage metrics (Yokota et al., 2017), highlighting that
not all behavioral endpoints demonstrate sex-based differences in con-
trol animals. However, sex differences in rotarod performance of control
animals are mixed in the literature, with some investigators identifying
differences (McFadyen et al., 2003; Antzoulatos et al., 2010; Kovacs and
Pearce, 2013) and others finding none (Chen et al., 2019; Chari et al.,
2020). Size may influence rotarod performance, with larger animals
noted as performing more poorly (McFadyen et al., 2003). As males are
generally larger than females, this may be one explanation for the sexual
disparity. Cohorts with larger weight disparities between the sexes may
exhibit stronger sex-based performance differences on the rotarod and
could explain some of the literature discrepancies. Although differences
were not observed in the suite of behavioral tests conducted in our
study, the observed transcriptional differences could impact other
behavioral endpoints which were not addressed, such as memory, social
interactions or contextual fear response. Studies have demonstrated
memory function and contextual fear response to be sex-mediated (Yagi
and Galea, 2019) and may be more suitable at detecting sex-based
changes with PON2 deficiency. Evaluating additional behavioral end-
points would be of future interest to determine if the transcriptional
changes with PON2 deficiency lead to sex-based behavioral alterations
in other metrics.

The sex-based differences found with PON2 deficiency have specific
implications for toxicological studies, as exposure and response to tox-
icants is noted to be sexually dimorphic (Gochfeld, 2017). Under-
standing genes which may drastically alter the transcriptome and cause

biologically female animals to present transcriptionally as male, or vise-
versa, is critical when assessing gene-environment interactions to toxi-
cants. Furthermore, this has impacts for assessing individual toxicant
susceptibility based on genotype. Pon2 is known to be polymorphic in
the population, with SNPs affecting general PON activity (Dasgupta
et al.,, 2011). This could be of particular importance if individuals with
Pon2 polymorphisms which reduce PON2 activity are exposed to a
toxicant or prescribed a medication with sexually dimorphic outcomes,
as they may have an idiosyncratic response. Although limited work has
addressed the functional impact of Pon2 polymorphisms, variability of
PON1 levels or activity vary by at least 15-fold among individuals
(Furlong, 2007), and it is possible that a similar observation may be seen
with PON2.

Our study focused on assessing the effect of PON2 deficiency on the
baseline transcriptome of specific brain regions. At odds with our hy-
pothesis, oxidative stress pathways were not the predominant pathways
perturbed by PON2 deficiency when looking at the iPathwayGuide
analysis. These findings were surprising, as PON2 deficiency has been
reported to increase oxidative stress in multiple systems by numerous
investigators (Devarajan et al., 2011; Giordano et al., 2013; Yang et al.,
2015; Sulaiman et al., 2019). Feasibly, impacted oxidative stress path-
ways may be more apparent if the mice were challenged with an
oxidant, an aspect that was not addressed in this study. While no direct
pathways were picked up by this analysis, supporting evidence for
increased oxidative stress was noted in the male cerebral cortex with the
chemical, drug and toxicant exposure prediction tool. This prediction
tool aggregates data from multiple exposure studies and identifies genes
within a sample set that have been shown to be similarly affected by a
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specific toxicant exposure. While this tool utilizes data from multiple
cell-type studies and is not specific to brain tissue, it is a valuable tool to
identify common genes which are both impacted by PON2 deficiency
and an exogenous toxicant exposure. When comparing the expression
profile of our samples to various compounds in the iPathwayGuide
database, PON2 deficiency leads to gene expression changes like those
observed after aflatoxin B1 exposure (Fig. 8A). While aflatoxin Bl ex-
hibits well-documented hepatotoxicity and is a known carcinogen, it
also has neurotoxic effects, largely mediated through increased oxida-
tive stress (Bbosa et al., 2013). Recent work has additionally identified
that aflatoxin B1 alters calcium homeostasis and causes mitochondrial
dysfunction in human astrocytes in-vitro (Park et al., 2020) and in-
creases ROS in the brain of mice in-vivo (Huang et al., 2020). As such,
the predicted presence of aflatoxin B1 exposure by iPathwayGuide may
be related to the reported mitochondrial dysfunction and oxidative
stress noted with PON2 deficiency. Furthermore, this finding suggests
PON2 deficiency may confer increased sensitivity to aflatoxin Bl
exposure, if the expression of similar genes targeted by the toxin are
already altered. This may point to individuals with lower PON2 levels as
a previously unidentified sensitive population to aflatoxin B1 exposure.
Considering the wide global distribution of aflatoxin contaminated food
commodities, this could pose a significant public health concern and
warrants further investigation regarding the relationship of PON2 defi-
ciency and aflatoxin exposure. Similarly, iPathwayGuide predicted

10

PON?2 deficiency to mimic dibutyl phthalate exposure (Fig. 8B). Dibutyl
phthalate is one of the most used phthalate esters in plastics
manufacturing and is a ubiquitous environmental contaminant, with
demonstrated neurotoxic effects attributed to an increase in ROS
(Wojtowicz et al., 2017). In a similar manner to aflatoxin B1, PON2
deficiency may confer sensitivity to dibutyl phthalate exposure and
further investigation of this would be of interest. Finally, PON2 defi-
ciency leads to gene expression changes suggesting the absence of tro-
glitazone (Fig. 8C), an anti-diabetic and anti-inflammatory drug,
supporting an increase in inflammation and/or dysregulation of insulin
pathways. Insulin degrading enzyme (Ide) was found significantly
upregulated in PON2-def cerebral cortex (Supplementary Table 1),
further linking PON2 deficiency and insulin dysregulation.
Neurological disorders, ranging from neurodevelopment to aging,
are often sex dependent. In early life, males are four times as likely to
develop autism spectrum disorder (ASD) than females, with the under-
lying mechanism for this difference currently unknown but speculated
to be a complex combination of genetic and environmental factors (Park
et al., 2016). In contrast, females are twice as likely to experience af-
fective disorders such as anxiety, post-traumatic stress disorder, and
major depression, with evidence supporting sex hormone interactions as
a possible culprit (Bangasser and Valentino, 2014). In our study, female
PON2-def mice had significantly higher expression of the small hetero-
dimer partner NrOb2 (nuclear receptor subfamily 0, group B, member 2)
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Fig. 11. RNA-Seq: Predicted Upstream Regulators in the PON2 deficient Cerebellum. A. Differentially expressed genes targeted by Npas2 (neuronal PAS domain
protein 2), Clock (circadian locomotor output cycles kaput) and Arntl (aryl hydrocarbon receptor nuclear translocator like). B. Predicted Upstream Regulators and
their predicted activation status, corrected for multiple comparisons using false discovery rate (FDR).

in the striatum. NrOb2 has been shown to interact with estrogen re-
ceptors and inhibit their function (Seol et al., 1996), as well as function
as a mediator of endocrine homeostasis in male mice (Vega et al., 2015).
Indeed, iPathwayGuide analysis showed steroid hormone receptor ac-
tivity as the highest impacted molecular functions pathway from PON2
deficiency in the striatum (Fig. 9F). This alteration of NrOb2 and steroid
hormone receptor activity may inhibit estrogen signaling in the striatum
of female mice and contribute to the male-presenting transcriptome
observed in this study. Perturbations in estrogen response in-vitro are
noted in the literature with PON2 deficiency, where estradiol protects
primary WT astrocytes from oxidative damage, but does not protect
primary astrocytes from PON2-def mice (Giordano et al., 2013). These
results are consistent with those of our study and support the concept
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that PON2 deficiency may inhibit estrogen signaling, although targeted
study of this should be addressed. Behaviorally, PON2-def mice dis-
played a mild anxiolytic phenotype, as noted by their increased time
spent in the center of the arena and decreased time in the hidden shelter
during the PhenoTyper assessment. Feasibly, this may also be related to
the inhibitory effects on the hypothalamic-pituitary axis (HPA) by
NrOb2 and sex steroid hormone pathways which affect mood and
behavior (Bangasser and Valentino, 2014).

Neurodegenerative diseases also differ between sexes, with Parkin-
son's disease affecting males more than females, and Alzheimer's disease
affecting females at a higher prevalence compared to age-matched males
(Ullah et al., 2019). Alzheimer's disease is marked by aggregation of
amyloid beta (Af) and progressive neuron loss, with multiple
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hypotheses as to how these aggregates destroy neurons. One line of
evidence suggest Ap plaques inhibit glutamate uptake, leading to exci-
totoxic levels of glutamate to bind to postsynaptic glutamate receptors
(Danysz and Parsons, 2012). In our study, glutamate reuptake related
genes Cln8 (ceroid-lipofuscinosis, neuronal 8) and Per2 (period 2) were
upregulated in the cerebral cortex and cerebellum of PON2-def male
mice. While this would support a potential protective effect against
excitotoxicity for neurons, over-clearance of glutamate from the syn-
aptic cleft may have its own deleterious effects, reducing sensitivity to
reward and contributing to symptoms of depression. The increase in
reuptake may also point to increases in glutamate output, requiring
increases in reuptake to prevent excitotoxicity. Additional investigation
of reward seeking behavior and depression would be of interest in
PON2-def mice, as well as further probing of the glutamatergic system.

In addition to sex differences, regional differences were highly spe-
cific, with iPathwayGuide analysis revealing few common GO terms
shared among them. In the cerebral cortex and the cerebellum of PON2-
def male mice, a variety of RNA processing and transcription-mediating
pathway changes were noted (Figs. 7 and 10). Changes in general
transcription could have downstream implications on countless path-
ways and would require targeted hypothesis-testing to determine the
precise impact of PON2 deficiency in a specific pathway or disease state,
which were not addressed in this study. Predicted upstream regulators in
these regions were also identical, with the majority of these in the family
of circadian regulators, namely Clock and its paralogue Npas2. Although
circadian rhythm disruptions were not noted in PON2-def mice during
home-cage assessment, the hyperactivity during the dark cycle may be
related to activated circadian pathways. Additionally, Perl and Per2,
both upregulated in the cerebral cortex and cerebellum of PON2-def
male mice and transcriptionally controlled by the CLOCK complex,
have been shown to play an important role in cancer cell biology, where
overexpression of PER1 sensitizes human cancer cells to DNA-damage
induced apoptosis (Gery et al., 2006). Indeed, multiple cellular divi-
sion pathways are under circadian control and the involvement of
circadian genes in cancer biology is emerging as an important area of
study (Masri and Sassone-Corsi, 2018). The role of PON2 in cancer
biology has also been examined, with PON2 often found upregulated in
cancer cells, likely providing apoptotic protection through the man-
agement of ROS at the mitochondrial level (Kriiger et al., 2015).
Whether PER1 expression plays a role in the ability for PON2 to protect
cells against apoptosis has not been addressed in the literature but would
be of interest for further evaluation. PON2 deficiency in the striatum of
female mice in our study had significant decreases in expression of
Wnt9b (wingless-type 9b), Fzdl0 (frizzled-10), Lefl (lymphoid
enhancer-binding factor 1) and Wnt3 (wingless-type 3) (Fig. 9B). These
decreases in gene expression are anticipated to impact multiple
cancer-related pathways, as noted in Fig. 9A. Given the role of WNT
signaling in cancer development, decreased expression of WNT may
have a protective effect for cancer promotion but have deleterious ef-
fects on the brain in normal aspects of WNT signaling, such as cellular
differentiation. The protective effects on cancer development and/or
progression from PON2 deficiency have not been studied in detail,
although targeted PON2 knockdown has been shown to make human
cancer cells more susceptible to irradiation damage (Kriiger et al., 2015)
and the modulation of PON2 in this arena may be of further interest. Our
study analyzed whole regions of the cerebral cortex, striatum, and cer-
ebellum, and did not discriminate by subregion. While this method
provides a broad overview of PON2 deficiency in the brain, valuable
subregion information was not discernable and was a limitation of our
study design. Further analysis of subregions would be useful to pinpoint
the effects of PON2 deficiency in the brain and determine if the altered
RNA expression observed in our study represents a global effect within
the region, or if these changes are being driven by a particular
subregion.

While PON2 has been identified as an important modulator of
oxidative stress in the CNS, limited work has been done to address the
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effects of PON2 deficiency in the brain on a global level. Our study be-
gins to address key gaps in the literature regarding the impact of PON2
deficiency in the CNS and what global changes, both biochemically and
phenotypically, may be caused by the loss of PON2. We have shown that
PON2 deficiency leads to behavioral changes, specifically related to
locomotion, and significant biochemical alterations at the transcript
level impacting a variety of molecular functions that have implications
for affective disorders, cellular differentiation, and cancer biology.
Highly specific sex and regional changes were observed when looking at
RNA expression, indicating that PON2 may play a variety of distinct
roles in different regions of the brain in a sex-specific manner. Many of
the differentially expressed genes identified in this study were previ-
ously unknown to be affected by PON2 deficiency and provide novel
directions for future PON2 research. Further investigation looking at
temporal elements, additional brain regions and behavioral domains
would be of interest to further characterize the role of PON2 in the brain
and the consequences of its deficiency.
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