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Abstract

Chlorpyrifos (CPF) is an organophosphate pesticide that can inhibit endocannabinoid

(eCB) metabolizing enzymes in animal models at levels that do not significantly alter
acetylcholinesterase (AChE) in the central nervous system. Previous studies indicated that
repeated low-level CPF exposure in developing rats increased the levels of eCBs in the brain.
Because eCBs play a role in immune homeostasis through their engagement with cannabinoid
receptors, we investigated the role of cannabinoid receptor 1 (CB1, encoded by the CnrZ gene)
on the CPF-mediated effects in the spleen and lung of neonatal and adult female mice. We
treated neonatal and adult female CrnrZ~/~ mice with 2.5 mg/kg oral CPF or vehicle for 7 days.
Tissues were harvested 4 h after the last CPF dose to evaluate eCB metabolic enzyme activity,
levels of eCBs, and tissue immunophenotype. There were a small number of genotype-dependent
alterations noted in the endpoints following CPF treatment that were specific to age and tissue
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type, and differences in eCB metabolism caused by CPF treatment did not correlate to changes

in eCB levels. To explore the role of CB1 in CPF-mediated effects on immune endpoints, /in

vitro experiments were performed with WT murine splenocytes exposed to chlorpyrifos oxon
(CPO; oxon metabolite of CPF) and challenged with lipopolysaccharide (LPS). While CPO did
not alter LPS-induced pro-inflammatory cytokine levels, inactivation of CB1 by the antagonist
SR141716A augmented LPS-induced IFN-y levels. Additional experiments with WT and Cnr17/~
murine splenocytes confirmed a role for CB1 in altering the production of LPS-induced pro-
inflammatory cytokine levels. We conclude that CPF-mediated effects on the eCB system are not
strongly dependent on CB1, although abrogation of CB1 does alter LPS-induced cytokine levels in
splenocytes.
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Introduction

The organophosphate (OP) pesticide chlorpyrifos (CPF) has been registered for agricultural
purposes in the United States since 1965, although its residential use was revoked in 2000
(Centner 2018; Grube et al. 2011). In California alone, 601,173 pounds of chlorpyrifos was
utilized in 2018; the greatest percentage applied to almonds and cotton (Regulation 2021).
California banned CPF in 2020 (Regulation 2019), and the EPA recently revoked all food
residue tolerances effective February 28™ 2022 (EPA 2021). Although it has been fully
banned for food and feed, it is still approved for multiple non-food commaodities in the

US and will also continue to be used internationally on food crops. Thus, CPF remains a
potential health risk for individuals, including children, living in agricultural communities in
proximity to where CPF is used (Tamaro et al. 2018; Arcury et al. 2007; Koch et al. 2002).
Exposure in children is of particular concern because CPF has been linked to developmental
neurotoxicity, including decreased 1Q and motor skill deficits (Rauh et al. 2012; Gunier et al.
2017; Ruckart et al. 2004).

The canonical toxic mechanism of action following acute exposures of CPF and other

OPs is through inhibition of acetylcholinesterase (AChE) in the central nervous system,
causing a subsequent accumulation of acetylcholine and ultimately a cholinergic crisis
(Pope, Karanth, and Liu 2005). However, when administered to rodents at doses that are
lower than the threshold needed to significantly inhibit brain AChE, CPF and other Ops have
been shown to inhibit non-cholinergic serine hydrolases such as the enzymes responsible for
metabolizing endocannabinoids (eCBs) (Quistad, Liang, et al. 2006; Quistad, Klintenberg,
et al. 2006; Nomura and Casida 2011; Xie et al. 2010). In previous work from our labs,

oral exposures of rats to CPF during their development caused eCB metabolizing enzymes
to be significantly inhibited and increased the levels of eCBs in brain, spleen, serum, and
liver of rat neonates at doses too low to inhibit brain AChE activity (Carr et al. 2013; Carr,
Borazjani, and Ross 2011; Carr et al. 2014; Robert et al. 2017). This exposure also resulted
in decreased anxiety-like behavior and altered exploratory and social behaviors in male and
female rats during the early postweaning period (Carr et al. 2017).
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The eCB system is comprised of enzymes involved in the biosynthesis and degradation

of 2-arachidonoylglycerol and anandamide (endogenous lipid ligands) and their cognate
G-protein coupled receptors (CB1 and CB2) (Rom and Persidsky 2013; Rodriguez de
Fonseca et al. 2005; Sido, Nagarkatti, and Nagarkatti 2015). In addition to its role in

brain development, the eCB system has been shown to play an important role in immune
homeostasis, particularly through the anti-inflammatory effects of eCBs (Gallily, Breuer,
and Mechoulam 2000; Facchinetti et al. 2003; Panikashvili et al. 2006; Lu et al. 2014).
eCBs modulate immunity in part through their engagement with cannabinoid receptors. In
rodent brain, CB1 mRNA expression and its ligand-binding capacity increase progressively
from birth until postnatal day (PND) 60, at which point its expression and binding capacity
plateaus (Fride and Mechoulam 1996; Belue et al. 1995). CB1 is the main cannabinoid
receptor in the central nervous system and is responsible for the psychotropic effects of
cannabinoids. On the other hand, CB2 is the main peripheral cannabinoid receptor, due to its
expression in immune cells. Despite this CB1 has also been found to play an active role in
peripheral tissues (Kaplan 2013; Rom and Persidsky 2013). Interestingly, CB1 was shown to
be a target of covalent modification by the bioactive form of CPF, chlorpyrifos oxon (CPO)
(Quistad et al. 2002). This suggests that CPF might alter CB1-mediated immune functions
following either direct binding of CPO or through alterations in the local levels of eCBs due
to inactivation of catabolic enzymes.

In a recent study from our group, several carboxylesterase (Ces) isoforms in lungs of
wildtype (WT) neonatal and adult mice were inactivated by CPF treatment (2.5 mg/kg,
p.o., 7 d) (Szafran et al. 2021). When lipopolysaccharide (LPS; 1.25 mg/kg, i.p.) was
administered following the CPF dosing period, little to no differences in lung immune
responses (cytokines and immunophenotyping) were noted between the CPF and vehicle
groups. However, a CPF-dependent increase in the percent of dendritic cells and amounts
of certain lipid mediators in female lung following LPS challenge was observed. Thus, the
goals of the current study were to determine whether CB1 plays a role in CPF-mediated
effects on the eCB system in immune tissues of neonatal and adult female mice. Previous
work from our lab have identified a role for some CPF-inhibited enzymes in immune
responses of the spleen and lung (Szafran et al. 2015; Szafran et al. 2021; Szafran et

al. 2022) so those tissues were our main focus but we also conducted some studies in

brain and/or liver. Crr1~/~ and WT neonatal and adult female mice were treated with
2.5-mg/kg CPF for 7 days. The effects of CPF on serine hydrolase activities, lipid mediators,
and immunophenotypes in tissues were examined. Most of the results from the WT mice
have been previously published (Szafran et al., 2021); however, they are presented again
alongside data from the Cnr2~/~ mice to extend our previous findings and provide context
(i.e., a WT comparator group). Results that were previously reported are clearly indicated
in the figure legends. It is important to point out that the study with the CrrZ™~ mice

was performed in conjunction with that of the WT mice (i.e., animal housing conditions,
batches of CPF dosing solutions, and assay reagents were the same for both WT and
knockout mice). This ensures that valid comparisons between the different genotypes can
be made. Furthermore, /in vitro experiments were performed by treating mouse splenocytes
with CPO in the presence or absence of LPS. The role of CB1 was addressed by using a
CB1 antagonist and CnrZ™" littermate splenocytes. These mechanistic experiments allowed
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us to determine whether CB1 plays a role in CPF-mediated effects on the eCB system, and
whether these effects can alter immunity.

Materials and Methods

Materials

Chlorpyrifos (CPF; >99% purity, determined by HPLC-photodiode array analysis) was

a generous gift from DowElanco Chemical Company (currently known as Corteva, Inc.,
Indianapolis, IN). Chlorpyrifos oxon (CPO; =95% purity) was a generous gift from the late
Dr. Howard Chambers from Mississippi State University. p-Nitrophenyl valerate (obNPVa)
was from Sigma (St. Louis, MO, USA). Antibodies for ELISAs and flow cytometry were
purchased from BioLegend (San Diego, CA). Solvents for LC-MS/MS and ELISA kits were
purchased from Invitrogen/Thermo Fisher (Waltham, MA). Authentic standards of lipid
mediators were purchased from Cayman Chemical (Ann Arbor, MI). LPS (E. coli 055:B5)
was obtained from Sigma (St. Louis, MO).

Treatment of Mice

Animals. Adult C57BL/6 WT mice from Jackson Laboratories (Bar Harbor, ME) and
Cnr17'~ mice on a C67BL/6 background from the National Institutes of Health were used to
establish a breeding colony. All mice were housed in temperature- and humidity-controlled
AAALAC-approved facilities (20-25 °C and 40-60% humidity) under a 12-h light cycle and
used in accordance with the Mississippi State University Institutional Animal Care and Use
Committee (protocols 17-296 to RLC and 17-342 to BLFK). /n Vivo Studies: For neonates,
the day of birth was designated as postnatal day 0 (PND 0). CPF dissolved in research-grade
corn oil (CO, Sigma, C8267, Lot #MKBS6944V) or vehicle (CO) was administered in a
volume of 0.5 mL/kg body weight to CnrZ™~ neonatal mice or 1 mL/kg to CnrZ™'~ adult
mice (7-8 weeks). Neonates (mixed sex) at PND 10 (n=3-5) and adult female mice (n=5)
received either CO or CPF orally every day for 7 days. The 2.5-mg/kg dose was based on

a previous study in which no effect on body weight was noted (Szafran et al., 2021). Mice
were sacrificed by cervical dislocation 4 h after the final CPF dose. Tissues (lung, liver,
spleen, and brain) were harvested and flash frozen in liquid nitrogen; however, in some cases
prior to flash freezing, a portion of the liver, lung, and spleen was removed and immediately
processed for flow cytometry staining.

In Vitro Studies: Adult male and female WT mice (n=3) were sacrificed, and harvested
spleens were stored in 1x RPMI medium at 4° C for immediate processing. For the first

set of endpoints, splenocytes were pooled into a single cell suspension by the mechanical
disruption of spleens through a 70 pm filter and were seeded at 2 x 107 cells/well in 2

mL of complete media (1x RPMI containing 1% w/v bovine calf serum, 1% wi/v penicillin-
streptomycin, and 50 pM 2-mercaptoethanol; 6-well plates). Splenocytes received one of the
following treatments (n=3 wells/treatment): Vehicle (0.1% EtOH), CPO (1 uM in EtOH),
LPS (1 pg/mL) or a combination of CPO and LPS. Cells were incubated for 3.5 h, after
which cells were pelleted by centrifugation and lysed in icecold 50 mM Tris-HCI (pH 7.4)
buffer by sonification. Lysates and supernatants were stored at —80° C until further use.
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For endpoints that investigated the role of CB1, splenocytes were collected by processing the
spleen through a 70-um filter and seeding cells at 1x107 cells per well in one 24-well

plate per mouse. The culture medium (1 mL/well) for these experiments consisted of

1x RPMI supplemented with 5% v/v bovine calf serum (HyClone, Logan, UT), 1% w/v
penicillin/streptomycin (Gibco, Gaithersburg, MD), and 50 uM 2-mercaptoethanol (2-ME;
Gibco). One half of the wells in the 24-well plate were treated with DMSO (0.05% v/v)
and the other half with SR141716A (CB1 antagonist; 1 or 10 pM) in DMSO. Each plate
was further divided into 4 treatment groups = SR141716A (n=3 replicate wells/treatment):
Vehicle (0.1% EtOH), CPO (1 uM in EtOH), Veh/LPS (0.1% EtOH, 1 pg/mL LPS), or
CPO/LPS (1 uM CPO, 1 pg/mL LPS). Cells were incubated for 24 hr at 37°C prior to
collection of the supernatants, which were stored at-80° C prior to ELISA. For the second
part of this investigation, F1 breeding to produce WT and CnrZ™/~ littermates was initiated.
This was to ensure immune effects were due to genotype differences and not influenced by
separate breeding. Adult male and female WT and CrnrZ™/~ littermate mice were sacrificed
and splenocytes processed and plated into 24-well plates (n=3 mice per sex and genotype)
as described above. Splenocytes from each mouse were divided into 3 treatment groups
(n=4 replicates/treatment group): Untreated and one of two LPS concentrations (0.1 ug/mL
or 1 pg/mL). Cells were incubated for 24, 48, or 72 hr at 37°C prior to collection of the
supernatants. Supernatants were stored at —80° C prior to ELISA.

AChE Activity in Brain Tissue

A portion of the brain (half of the brain after sagittal cut minus cerebellum, medulla,

and pons) was homogenized as previously described (Buntyn et al. 2017). An aliquot of
homogenate was diluted in cold 50 mM Tris-HCI buffer (pH 7.4 at 37°C) to a final tissue
concentration of 0.625 mg/mL. AChE activity was measured spectrophotometrically using
acetylthiocholine as the substrate (1 mM final concentration) and 5,5-dithiobis(nitrobenzoic
acid) as the chromogen. Protein concentrations were quantified by the Lowry procedure and
enzyme activity was normalized by the protein concentration.

Preparation of Tissue Homogenates for eCB Hydrolysis and Ces Activity

A portion of the lung, liver, spleen, and the brain were used to prepare tissue homogenate
by homogenizing them at approximately 20% w/v in 50 mM Tris-HCI (pH 7.4) buffer
using a Dounce homogenizer on ice. A low-speed centrifugation was done to remove
debris (4°C, 20 min, 1,000 x g) from the crude homogenates. All homogenates were stored
at —80°C until analysis. Protein concentrations were determined using the BCA reagent
(ThermaPierce) following the manufacturer’s instructions. Following completion of the
reaction, all enzyme activities were normalized by the protein concentrations.

Evaluation of 2-AG & AEA Hydrolytic Activities

Lung, liver, spleen, or brain homogenate protein (50 ug) was added to 100 uL of 50 mM
Tris-HCI (pH 7.4) buffer. Samples were pre-incubated at 37°C for 5 min followed by the
addition of either 2-AG or AEA to a final concentration of 50 pM. Following a 20-min
incubation at 37°C, the reactions were quenched with 200 uL of cold acetonitrile containing
an internal standard (2.5 uM of arachidonic acid-d8) and rested on ice for 10 min. The
samples were centrifuged (4°C, 10 min, 16,100 x g) and the resulting supernatant transferred
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to volume-reducing inserts in an LC vial. The samples were stored at —20°C until analysis.
Non-enzymatic (no tissue homogenate) and ‘blank’ (no added 2-AG or AEA) samples were
prepared as negative controls.

Evaluation of Ces Activity

Tissue homogenates were diluted in 50 mM Tris-HCI (pH 7.4) buffer and pre-incubated for
5 min at 37°C before adding pNPVa to a final concentration of 750 uM. The release of
para-nitrophenol (the hydrolytic product of pNPVa) was monitored at 405 nm for a period
of 5 min. Following completion of the reaction, enzyme activities were normalized by the
protein concentrations.

Analysis of Lipid Mediators

Another portion of the liver, lung, spleen, and brain were weighed and homogenized

onice in 1:1 v/v hexane:ethyl acetate (containing 0.1% acetic acid and the deuterated
standards 2-AG-d8, PEA-d4, OEA-d4, and AEA-d8) using a Dounce homogenizer. The
crude homogenates were centrifuged at low speed to remove debris (4°C, 30 min, 2,000

x g). HPLC-grade water (1 mL) was added to the resulting supernatants, which were then
vigorously vortexed, followed by centrifugation to separate the two layers (RT, 5 min, 800 x
g). The top organic layer was transferred to a clean test tube, and an additional 1 mL of 1:1
hexane:ethyl acetate was added to re-extract the aqueous layer. After centrifugation, the top
layer was transferred to the tube containing the organic fraction and the combined organic
layers dried under nitrogen gas. MeOH (100 pL) was added to the dried sample and the
reconstituted sample transferred to an LC vial with volume-reducing insert for analysis by
LC-MS/MS as previously described (Wang et al. 2013). The signal for each lipid mediator in
the sample was normalized by the response of its corresponding internal standard and tissue
weight used for extraction, except for the adult lungs, which are presented as the ratio of
lipid mediator to internal standard.

Evaluation of the Lung Immunophenotype by Flow Cytometry

A fresh, unfrozen portion of the liver, lung, and spleen was homogenized in serum-

free RPMI and strained through a 70 pm sieve. Individual cells were stained with
extracellular antibodies for CD4 (PECy5; BioLegend clone GK1.5; 0.12 pg/ml), CD8
(PECy7; BioLegend clone 53-6.7; 0.12 pg/ml ), and CD19 (BV650: BioLegend clone 6D5;
0.6 pg/ml). Cells were then fixed in Cytofix™ (BD Biosciences) and an ACEA Novocyte
Flow Cytometer was used to analyze the stained and fixed cells. Compensation was set
utilizing antibody capture beads and gates were established utilizing fluorescent-minus one
controls. Adaptive immune cells, quantified by percent parent lymphocyte, were identified
as cytotoxic T cells (CD8+), T helper cells (CD4+), or B cells (CD19+).

Cytokine Measurement by ELISA

Cytokine levels were measured as previously described (Szafran et al. 2018; Szafran et al.
2021) using the appropriate anti-mouse antibodies (IL-6, IFN-v; BioLegend) or kit (IL-1p,
TNF-a; Invitrogen).
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Statistical Analysis

Results

GraphPad Prism (Mersion 7, San Diego, CA, USA) was utilized to perform all statistical
analysis and results are presented as mean +/- standard deviation (SD). Differences between
groups were assessed utilizing a student’s t-test, one-way analysis of variance, or two-way
analysis of variance as appropriate. Outliers were identified utilizing Grubb’s outlier test.
p-values <0.05 were considered significant. Statistics for the various interactions from /n
vivo studies can be found in Supplemental Table 1 grouped by endpoint.

The goal of these studies was to examine a role for CB1 in CPF-mediated inhibition of
various enzymes (i.e., AChE, endocannabinoid metabolizing enzymes, Ces) in immune
tissues and determine whether CB1 has any impact on CPF effects in immune cells.
Moreover, the effects of CPF in neonatal versus adult animals was determined. While most
of the data are focused on spleen and lung for immune tissues, some endpoints were also
determined in brain and liver for comparison to other work on these two tissues from our
labs (Sette et al. 2022; Robert et al. 2017; Szafran et al. 2021).

CPF Did Not Inhibit Brain AChE Activity

First it was important to establish whether the absence of CB1 altered CPF’s effect on AChE
activity since it is the canonical target of OP pesticides. Previous data showed that CPF has
different effects on293 various enzymes depending on dose (Szafran et al. 2021). However,
CPF treatmentat 2.5 mg/kg for 7 days did not inhibit brain AChE activity in neonate and
adult mice of either genotype (Figure 1).

CPF Induces Minimal Genotype-dependent Differences in Endocannabinoid Hydrolysis

Next the effects of CPF on endocannabinoid metabolism were determined. Because different
eCB metabolizing enzymes are primarily responsible for 2AG and AEA hydrolysis and
this hydrolysis differs between tissues, both 2AG and AEA hydrolysis was measured. CPF
treatment did not alter the 2-AG hydrolytic activities in spleen (Figure 2A, C) and liver
(Supplemental Figure 1A, B) of WT or CnrZ™/~ mice regardless of age. It also did not

alter the 2-AG hydrolytic activity in the brain of WT and Cnr1~/~ adult mice (Supplemental
Figure 1C). There was a 311 significant decrease in 2-AG hydrolytic activity by CPF in
adult female WT lung by t-test, as we previously reported (Szafran et al. 2021), but not

in adult female CrrZ~~ lung (Figure 2D). 2-AG hydrolysis activity was ~2-fold higher in
CPF-treated neonatal lungs from CnrZ~/~ mice compared to the corresponding WT mice
(Figure 2B, p=0.0093), while it was lower in neonatal CrrZ~~ spleens than in WT spleens
regardless of treatment (Figure 2A, p=0.0125 CO, p=0.0067 CPF).

There was no genotype-dependent difference in the AEA hydrolysis activity of the lung,
spleen (figure 3A, B), or brain (Supplemental Figure 1E), in adult mice or differences
caused by CPF except for the slight CPF-dependent inhibition noted in Crrz~'~ adult lung
when analyzed by t-test (Figure 3B, p=0.0235). CPF induced the level of AEA hydrolysis
activity in Cnr1™~ neonatal brain by nearly twofold (Supplemental Figure 1D, p=0.0247),
whereas it had no effect in WT neonatal brain (Supplemental Figure 1D and (Szafran et
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al. 2021)). Cnr17!~ neonatal mice had lower brain AEA hydrolysis activity compared to
control between the CPF-treated WT and CnrZ~/~ neonate brains (Supplemental Figure 1D,
p=0.6828).

CPF Inhibits Ces Activity in WT and Cnr1™~ Mice

Ces is also a target of inhibition by CPF, and our previous work has focused on the role of
this enzyme in a mouse model of inflammation (Szafran et al. 2022; Szafran et al. 2021).
These enzymes are highly expressed in multiple tissues and play a role in the hydrolytic
metabolism of pesticides and lipids (Ross, Streit, and Herring 2010).

Although Magl is the primary 2-AG hydrolytic enzyme in multiple tissues (Szafran et
al.2021), Ces can, to some extent, hydrolyze 2-AG (Wang et al. 2013). CPF treatment
reduced the Ces activity in neonatal spleen and lung and adult lung of WT and Cnrz~/~
neonatal and adult mice (Figure 4A, B, D), whereas it did not alter Ces activity in

brains from mice of either genotype or developmental age (Supplemental Figure 2), or
spleens from adult mice (Figure 4C). There was no genotype-dependent difference in
the Ces activity of adult tissues (Figure 4C, D), but there was a genotype difference
noted in neonatal lung and spleen (Figure 4A, B). Specifically, Ces activity was higher
in lung (Figure 4B, p=0.0032) and lower in spleen (Figure 4A, p=0.0028) of WT control
neonates compared to their corresponding CrrZ~ neonates. However, this difference was
not observed in the CPF-treated neonatal mice (Figure 4A, B, p=0.9999 lung, p=0.9996
spleen).

CPF and Genotype had Minimal Impact on Endocannabinoid Levels

To determine whether any of the observations of CPF on eCB hydrolysis resulted in changes
in eCBs, levels were assessed. CPF treatment had no impact on 2-AG, AEA, and OEA levels
in adult lung and spleen regardless of genotype, whereas PEA was decreased or trended
downward in lungs of CrrZ~~ mice compared to WT mice (Figure 5A, B). In spleens

of adult mice, CPF decreased PEA levels in WT mice but not Crrz~/~ mice, while WT

mice treated with CO had higher PEA than their CnrZ~/~ counterparts (Figure 5A). CPF
treatment also did not alter 2-AG and AEA levels in neonatal lung (Figure 5C), liver, and
brain (Supplemental Figure 3A, B) regardless of genotype. There were also no alterations

in oleoylethanolamide (OEA) and palmitoylethanolamide (PEA) levels in neonate brain and
lung; however, CPF increased these lipid mediators in neonate livers of both genotypes
(Supplemental Figure 3A, B).

CPF Did Not Alter the Adaptive Immunophenotype

Having established that CPF can alter some some endocannabinoid levels, CPF effects on
immune cell populations and the potential role for CB1 was examined. CPF treatment did
not alter the distribution of adaptive immune cells in the spleens of neonatal and adult

mice regardless of genotype (Figure 6A, B). Similar results were observed in lungs (Figure
6C) and livers (Supplemental Figure 4) of adult mice; no treatment- or genotype-dependent
differences were noted.
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CPO Inhibits 2-AG Hydrolytic Activity in Splenocytes

Next, the effect of the active metabolite of CPF, CPO, was examined on eCB metabolism
and cytokine response to LPS /n vitro in murine splenocytes. Due to the limitations of the /n
vivo studies, such as the small sample size, these /n vitro assays were used to complement
the /in vivo studies and determine if direct treatment with CPO of splenocytes uncovered
any CPF-mediated effects. Initially, only splenocytes from adult WT mice were utilized.
CPO treatment significantly inhibited the 2-AG hydrolytic activity in WT splenocytes
independent of LPS stimulation (3.5 hr treatment with LPS; Figure 7A); however, CPO

did not affect the levels of IL-6 produced by LPS-stimulated splenocytes (Figure 7B).

Antagonism of CB1 Enhances LPS-Induced IFN-y Production Independent of CPO

To evaluate possible effects of CPO with longer-term stimulation, the levels of additional
pro-inflammatory cytokines were determined following a 24 h incubation period with LPS.
To explore the role of CB1, these experiments were performed with and without the CB1
receptor antagonist SR141716A. While no CPO-mediated effects were seen, there was

a difference in IFN-y between the control cells (DMSO vehicle) and those treated with
SR141716A.

Specifically, treatment with the CB1 receptor antagonist significantly augmented LPS-
induced IFN-vy levels in female splenocytes (Figure 8A). An increased trend was noted

in male splenocytes; however, it did not reach statistical significance (Figure 8B). No
significant differences were detected for the other cytokines measured (IL-1p, IL-6, TNFa;
Figure 8A, B).

Splenocytes from Cnr1~~ Mice Respond More Robustly to LPS than those from WT

Littermates

To confirm that the observed differences were due to antagonism of CB1, isolated
splenocytes from WT and CrrZ~'~ adult male and female littermates were treated with LPS
at two concentrations over several days. Naive and LPS-induced IL-1p levels did not differ
between genotypes or incubation periods (Figure 9A). In male (but not female) splenocytes,
LPS-induced IL-6 levels were trending upwards or higher in Cnr1~/~ splenocytes than those
in WT splenocytes after 24, 48, and 72 h of incubation with 0.1 and 1 pg/mL LPS (Figure
9B). In female (but not male) splenocytes, the LPS-induced TNF-a levels in Cnri~~ cells
were significantly higher than those in WT cells after 24-h incubation with 1 pg/mL LPS
(Figure 9C). There was also an increased level of IFN-y in male Cnr1™/~ splenocytes
compared to male WT splenocytes after a 72-h incubation with 1 ug/mL LPS (Figure 9D).

Discussion

CPF was once a commonly used pesticide in agriculture despite concerns about its
neurotoxic effects in children (Gunier et al. 2017; Centner 2018; Grube et al. 2011;
Regulation 2021; Rauh et al. 2012; Ruckart et al. 2004). The EPA recently revoked all
tolerances for CPF in food (EPA 2021), but there are still opportunities for exposure.
Exposure to OPs such as CPF can inhibit eCB metabolizing enzymes in animal models
at dose levels that do not inhibit brain AChE, thus causing subsequent increases in eCB
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levels (Carr et al. 2013; Carr et al. 2017; Carr et al. 2014; Howell et al. 2018; Buntyn et al.
2017). A mechanism by which eCBs can alter immune homeostasis is via their engagement
with cannabinoid receptors, such as CB1 (Kaplan 2013; Rodriguez de Fonseca et al. 2005;
Lu and Mackie 2016). Here, we investigated the role of CB1 on CPF-mediated effects on
the eCB system in the spleen and lung of neonatal and adult female mice using WT and
CnrI”'~ mice. This was followed by /i vitro studies of murine splenocytes to investigate
immune effects. In general, CPF-mediated effects on the eCB system /n vivo were not
dependent on the presence of functional CB1. However, inactivation of CB1 by genetic
and pharmacologic approaches enhanced the levels of some pro-inflammatory cytokines
following LPS stimulation of splenocytes, although CB1 abrogation did not modulate the
effects caused by CPO exposures in this model system.

Although a limitation is the small sample size (n=3-5), the results of the current study

are consistent with some other studies exploring the effects of CPF exposure in mice. A
previous study that compared the acute effects of CPF (up to 300 mg/kg subcutaneously)
in WT and Cnr2~/~ mice found that there were no major differences in toxicity between
the two genotypes (Baireddy et al. 2011). The only minor difference was that the WT mice
were more sensitive to the inhibitory effects of CPF on AChE in specific brain regions
(Baireddy et al. 2011). In the current study, we observed no differences in brain AChE
activity following CPF treatments of neonates and adults of both genotypes. There were
also no CPF-dependent differences in 2-AG hydrolysis activity in the examined tissues of
the WT and CnrZ™~ neonatal and adult female mice [(Szafran et al. 2021); and data shown
here]. This contrasts with previous studies in neonatal rats (dosed at 1 mg/kg of CPF for

7 days), which showed a significant inhibition of 2-AG and AEA hydrolysis activities in
brain, liver, and spleen (Buntyn et al. 2017). This suggests a marked difference in the
sensitivity of neonatal rats and mice toward CPF (rats being more susceptible to toxicity
than mice), at least for these endpoints. This could be due to species-specific differences in
the toxicokinetic behavior of CPF, differences in the intrinsic sensitivity of rat and mouse
eCB hydrolytic enzymes towards reactive CPO, and/or because of redundancies in the types
of enzymes that metabolize eCBs in mice (i.e., expression of ‘moonlighting enzymes’ that
help to maintain eCB homeostasis). Indeed, a recent study from our laboratories indicated
species-specific difference in the toxicokinetic behavior of CPF between neonatal rats and
mice with mice exhibiting higher protection against CPF exposure as compared to rats (Sette
et al. 2022).

In the current study, CPF decreased AEA hydrolysis in the Cnr1~/~ adult female lung,
whereas it increased this activity in CrrZ™~ neonate brain. These effects on AEA hydrolysis
activity were not observed in WT mice. In addition, some small genotype-dependent
differences in 2-AG, AEA, and Ces hydrolytic activities were noted. 2-AG and AEA are
agonists of CB1 (Kaplan 2013) and CrrZ~~ mice do not have CB1 receptors to engage
with these ligands, thus alterations in eCB metabolic activities in CrrZ~~ mice could be

a mechanism to compensate for the lack of CB1. For example, the lower 2-AG and AEA
hydrolysis activities in some tissues of the CnrZ/~ mice relative to those in WT mice could
be due to the absence of activating signals on monoacyl glycerol lipase and fatty acid amide
hydrolase (MAGL and FAAH, respectively; 2 major eCB hydrolases that regulate levels of
CB1 endogenous ligands), which are evoked when CB1 is engaged by agonists. However,
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such an adaptive mechanism would appear to be age- and tissue-dependent, because eCB
hydrolysis activity was not uniformly lower in the CnrZ™~ mice compared to WT mice.

Previous research showed that CPF-mediated inhibition of eCB hydrolysis activity in the
juvenile rat brain led to concomitant increases in eCB levels (Carr et al. 2013), thus there

is a tight regulatory linkage between this enzymatic activity and ligand concentration. In

the present study, CPF treatment exerted minimal effects on eCB hydrolysis activities and
eCB levels in mouse tissues. This discrepancy could be explained by the lower sensitivity

of neonatal mice to CPF exposure as compared to rats (Sette et al. 2022). The increase

of AEA hydrolytic activity in brains of neonatal Crnrz~/~ mice following CPF treatment

was unexpected, but it was not associated with a decrease in AEA level. Similarly, the
CPF-dependent decrease in lung AEA hydrolysis in adult female Cnrz~/~ mice did not
cause an increase in lung AEA. The only effect on eCB levels caused by CPF in neonatal
mice (of both genotypes) was an increase in liver OEA and PEA levels. OEA and PEA

are both eCB-like substances but have a low affinity for the cannabinoid receptors (Ramer,
Schwarz, and Hinz 2019). OEA and PEA (and other N-acyl-ethanolamines) have been
termed “entourage” lipid mediators of AEA and are regulated in a similar manner by FAAH.
For example, downregulation of AEA levels was correlated with lower levels of both OEA
and PEA in human meningiomas and gliomas (Ramer, Schwarz, and Hinz 2019; Maccarrone
et al. 2001). In the present study, however, AEA levels were not decreased by CPF in the
same way that OEA and PEA were (Figure 4), suggesting that the regulation of these lipid
amide mediators is complex.

Although CB2 is the most abundant CB receptor in immune cells, CB1 is also present,

and its activation can alter tissue immunophenotype (Kaplan 2013). One mechanism by
which eCBs can influence immune responses is through their engagement with cannabinoid
receptors expressed on T and B cells, which leads to altered immune cell function and
cytokine release (Kaplan 2013). In the present study, we used flow cytometry to quantify
the percentages of T helper cells, cytotoxic T cells, and B cells in the spleen, liver (adult
only), and lung (adult only) of WT and CnrZ~/~ mice following exposure to CPF. Neither
CPF treatment nor genotype affected the immunophenotypes of these tissues. Previous
studies had shown that CPF could alter immune endpoints in WT rats or mouse pups, but
these studies utilized immune stimulants such as concanavalin A, phytohemagglutin, or
LPS (Blakley et al. 1999; Navarro et al. 2001; Singh et al. 2013). Our previous study also
examined the effects of an LPS challenge in WT mice exposed to CPF, yet no widespread
alterations in immune responses were identified except for a small increase in LPS-induced
lung dendritic cells in adult female, but not male, mice (Szafran et al. 2021). We suggested
this alteration was due to the sex-specific inhibition of Ceslb by CPF in the lungs of female
but not male mice; however, more work is still needed.

The in vitro CPO treatment of murine splenocytes significantly reduced 2-AG hydrolysis
activity. Of note here, CPF did not inhibit 2-AG hydrolysis activity /n-vivoin the spleen,
but this discrepancy is most likely due to an inability of the CPO metabolite to reach

the spleen at high enough levels to inhibit splenic 2-AG hydrolytic activity. Although
CPO reduced splenocyte 2-AG hydrolytic activity, it did not alter LPS-induced cytokine
levels. This differs somewhat to a previous study in human THP-1 cells that found an
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upregulation of pro-inflammatory cytokine mRNAs following CPO exposure (Proskocil et
al. 2019). However, the knockout or pharmacologic inactivation of CB1 did modulate LPS-
induced cytokine levels in a sex- and time-dependent manner that was independent of CPO
treatment. It is possible the sex difference is due to different cannabinoid receptor expression
in males versus females in untreated cells and in response to LPS. Alternatively, there could
be differences in eCB tone as a result of sex-dependent differences in eCB biosynthesis

or degradative enzymes. However, there are limited data available from direct comparisons
between male and female splenocytes for CB1 expression or these various components of
the eCB system. Other studies have reported altered cytokine responses resulting from CB1
silencing. For example, our previous work showed an increased level of IFN-y production
by ex vivo restimulated splenocytes from CnrZ~/~ mice compared to those from WT controls
in a mouse model of experimental autoimmune encephalomyelitis (Nichols and Kaplan
2021). In another study, a murine model of EAE was found to exhibit increased levels

of IFN-y, TNF-a, and IL-6 in the brains and spinal cords following administration of a

CB1 antagonist (Lou, Zhao, and Xiao 2012). On the other hand, there are some studies

that have observed anti-inflammatory effects caused by CB1 antagonism (Croci et al. 2003;
Sugamura et al. 2009); however, they did not examine splenocytes, CNS, or use an EAE
model, suggesting that these particular findings were tissue and/or model dependent.

Conclusion

Our results showed that the CPF-dependent effects on the eCB system in neonatal and

adult female mice was minimally affected by genotype (WT versus CrrZ™7). The effects

on eCB metabolizing enzymes in the spleen and lung of CnrZ~ mice did not correlate
with changes in eCB levels /n vivo. Although CPO strongly inhibited splenocyte 2-AG
hydrolysis activity /n vitro, it did not alter LPS-induced pro-inflammatory cytokine levels
regardless of genotype. However, inactivation of CB1 enhanced LPS-induced IFN-y levels
of female-derived splenocytes independent of CPO treatment. In CrrZ™~ mouse splenocytes,
LPS-induced IL-6, TNF-a, and IFN-vy levels were enhanced in a sex- and time-dependent
manner. Our study did not identify widespread alterations in eCB metabolic activity and
eCBs levels following CPF treatment in CrrZ~/~ mice; however, the splenocyte experiments
provide further evidence that supports a role for CB1 in maintaining immune homeostasis.
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pNPVa p-Nitropheny! valerate

SD standard deviation

TNF-a tumor necrosis factor alpha

Veh vehicle

WT wild type
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Highlights
CB1 did not play a big role in CPF-mediated changes in the lung or spleen
In WT female SPLC, the CB1 antagonist enhanced LPS-induced IFN-y
In WT male SPLC, the CB1 antagonist modestly enhanced LPS-induced IFN-y
In male SPLC, there was enhanced LPS-stimulated IL-6 and IFN-y in CnrZ™'= cells
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Figure 1.
AChE activities of brain tissue. AChE activity was measured in the brain of mixed-sex

neonatal (A) and adult female (B) WT and depending on dose CrrZ~'~ mice treated with
either CO or CPF. Specific activities are given as nmoles of product min~1 mg protein~1.
Data are expressed as mean + SD (n=3-5 mice per condition).
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Figure 2.

2—,gAG hydrolysis activity of tissue homogenates. 2-AG hydrolysis activities in whole-tissue
homogenates of 314 spleen (A, C) and lung (B, D) from mixed-sex neonatal (A, B) and
adult female (C, D) WT and Cnr1~/~ mice. Differences between genotypes were significant
in neonatal spleen tissue (A) and neonatal lung tissue (B). Data from WT mice were
previously published (Szafran et al. 2021) but are presented here as comparative controls for
the CnrI™~ mice. Data are expressed as mean + SD (n=3-5 mice per condition). *p<0.05
317 for indicated comparison. #p<0.05 by t-test for indicated comparison.
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Figure 3.

AEA hydrolysis activity of tissue homogenates. AEA hydrolysis activities in whole-tissue
homogenates of spleen (A) WT mice (p=0.0155), and lung (B) brain from adult female WT
and CnrI™~ mice. Data from WT mice were previously published (Szafran et al. 2021) but
but there was no are presented here as comparative controls for the CrrZ~/~ mice. Data are
presented as mean + SD (n=3-5 mice per condition). difference in this activity *p<0.05 for
indicated comparison. #p<0.05 by t-test for indicated comparison.
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Figure 4.
Ces activity of tissue homogenates. Whole-tissue homogenates of spleen (A, C) and lung

(B, D) from mixed-sex neonatal (A, B) and adult female (C, D) WT and CnrZ~/~ mice.
Differences between genotypes were significant in neonatal spleen tissue (A) and neonatal
lung tissue (B). Data from WT mice were previously published (Szafran et al. 2021) but are
presented here as comparative controls for the CrrZ~/~ mice. Data are presented as mean +
SD (n=3-5 mice per condition). *p<0.05 for indicated comparison, ¥p=0.0533 relative to CO
control.
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I co
W CPF

Cnri1-/-

eCB levels as measured by LC-MS/MS. One half of the spleen (A) and lung (B, C) from
mixed-sex neonatal (C) and adult female (A, B) WT and CnrZ~~ mice was extracted

for eCBs and quantified using deuterated standards (n=3-5). The resulting values were
standardized by tissue weight except in the adult lungs. Adult lung values are expressed
as the ratio of eCB to deuterated standard. Data are expressed as mean = SD, *p<0.05 for

indicated comparison.
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Figure 6.
Adaptive immune cell phenotypes by flow cytometry. Cells 379 immune cell from WT and

CnrI”'~ mixed-sex neonatal spleens (A, n=3-5) were stained for extracellular markers to
identify T helper cells (CD4), 3g9 populations and the cytotoxic T cells (CD8), and B cells
(CD19). Additionally, cells from WT and Cnr1~/~ adult female spleens (B, n=4-9), and
lung (C, n=4-5) potential role for CB1 were similarly stained. Data are expressed as the
mean of percent lymphocyte gated + SD. None were significant within cell surface 3g, was
examined. CPF marker group.
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mm +LPS

2-AG hydrolytic activity and IL-6 ELISA of treated adult splenocytes. Murine splenocytes
were following a 24 h incubation isolated from naive mice and treated with vehicle, LPS

(1 pg/mL), CPO (1 uM), or a combination of LPS and period with LPS. To explore the
CPO. After 3.5 hr, the media and cells were harvested together to measure 2-AG hydrolytic
activity by LC-MS/MS (A) and IL-6 levels by ELISA (B), respectively. Data are expressed
as mean + SD (n=3 mice & 3 were performed with and without technical replications),

*p<0.05 for indicated comparison.
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Figure 8.
Cytokine ELISA results for splenocytes treated with DMSO or a CB1 antagonist.

Splenocytes were isolated from naive adult female (A) and male (B) mice. Cells from

each mouse were first divided in half and treated with SR141716A (CB1 Ant) in DMSO
or DMSO. Once plated, cells were treated additionally with CPO (1 uM) in EtOH or EtOH
(Veh) £ LPS (1 pg/mL) for 24 hr at 37°C. IL-1B, IL-6, TNF-a, and IFN-y levels were
measured in the serum by ELISA. Data are expressed as mean = SD (n=3), *p<0.05 for
indicated comparison.
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Figure 9.

C)g/]tokine ELISA results for splenocytes from WT and CnrZ~/~ littermates. Splenocytes were
isolated from wild-type (WT) and CrrZ~/~ female and male murine littermates (n=3). Cells
were left untreated or treated with 0.1 pg/mL or 1 ug/mL LPS for 24 h (D1), 48 h (D2),

or 72 h (D3). IL-1B (A), IL-6 (B), TNF-a (C), and IFN-y (D) levels were measured in the
serum by ELISA. Data are expressed as mean + SD (n=4 technical replications), *p<0.05 for
indicated comparison.
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