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Abstract

Organophosphate pesticides are developmental neurotoxicants. We gave diazinon via osmotic
minipumps implanted into dams prior to conception, with exposure continued into the second
postnatal week, at doses (0.5 or 1 mg/kg/day) that did not produce detectable brain cholinesterase
inhibition. We evaluated the impact on acetylcholine (ACh) and serotonin (5-hydroxytryptamine,
5HT) systems in brain regions from adolescence through full adulthood. Diazinon produced
deficits in presynaptic ACh activity with regional and sex selectivity: cerebrocortical regions and
the hippocampus were affected to a greater extent than were the striatum, midbrain or brainstem,
and females were more sensitive than males. Diazinon also reduced nicotinic ACh receptors and
5HT1 A receptors, with the same regional and sex preferences. These patterns were similar to those
of diazinon given in a much more restricted period (postnatal day 1-4) but were of greater
magnitude and consistency; this suggests that the brain is vulnerable to diazinon over a wide
developmental window. Diazinon’s effects differed from those of the related organophosphate,
chlorpyrifos, with regard to regional and sex selectivity, and more importantly, to the effects on
receptors: chlorpyrifos upregulates nicotinic ACh receptors and 5HT receptors, effects that
compensate for the presynaptic ACh deficits. Diazinon can thus be expected to have worse
neurodevelopmental outcomes than chlorpyrifos. Further, the disparities between diazinon and
chlorpyrifos indicate the problems of predicting the developmental neurotoxicity of
organophosphates based on a single compound, and emphasize the inadequacy of cholinesterase
inhibition as an index of safety.
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INTRODUCTION

Organophosphate pesticides impose a worldwide burden of neurodevelopmental disorders
nearly equivalent to that of lead and six times that of mercury (Bellinger 2012). Originally, it
was thought that all organophosphates acted alike, via their inhibition of cholinesterase
(Mileson et al. 1998), the mechanism that produces the overt signs of acute poisoning with
these agents. Accordingly, safety thresholds were set based on measurements of
cholinesterase activity. Over the last two decades, it has become increasingly obvious that
the long-term effects of organophosphate-induced developmental neurotoxicity occurs at
exposures below the threshold for effects on this enzyme, involving a family of mechanisms
that impair neural cell replication and differentiation, axonogenesis and synaptogenesis, and
development of neurotransmitter and neurotrophin systems, ultimately leading to adverse
effects on brain structure and behavioral performance (Abreu-Villaga and Levin 2017;
Androutsopoulos et al. 2013; Casida and Quistad 2004; Rauh et al. 2012; Slotkin 2005). All
organophosphate pesticides share a thiophosphate nucleus that, after metabolic replacement
of the sulfur atom with oxygen, binds to the catalytic site of cholinesterase; however, their
structures differ substantially in the remaining moieties, raising the likelihood of disparate
neurodevelopmental effects at exposures below those necessary for cholinesterase inhibition
(Pancetti et al. 2007; Richendorfer and Creton 2015; Slotkin et al. 2006, 2017).

Diazinon was actually the first organophosphate to be identified as a developmental
neurotoxicant (Spyker and Avery 1977), although much more attention was paid
subsequently to chlorpyrifos (Costa 2006; Mauro and Zhang 2007; Slotkin 2005), in part
because of its 40-fold greater overall use (U.S. Geological Survey 2018a, b). We previously
characterized the adverse effects of a brief exposure to diazinon in neonatal rats on postnatal
days (PN) 1-4, at doses below the threshold for any detectable cholinesterase inhibition
(Slotkin et al. 2006), finding neuronal loss and hypergliosis (Slotkin et al. 2008a), long-term
impairment of presynaptic activity in acetylcholine (ACh) pathways (Slotkin et al. 2008a),
impaired expression of serotonin 5HT; A receptors (Slotkin et al. 2008b), and corresponding
deficits in cognitive and emotional behaviors (Roegge et al. 2008; Timofeeva et al. 2008).
Importantly, we found a number of distinct differences between diazinon and comparable
exposures to chlorpyrifos, including opposite effects on neural cell packing density (Garcia
et al. 2001; Slotkin et al. 2008a), and differing impacts on ACh and 5HT pathways (Aldridge
et al. 2004, Slotkin et al. 2001, 2008a, b). For the neurotransmitter effects, the chief
differences fell into two broad classes. First, although both chlorpyrifos and diazinon
produced long-term deficiencies in ACh synaptic activity, chlorpyrifos showed
compensatory upregulation of a4p2 nicotinic ACh receptors (nAChRs), an effect that would
serve to offset the impairment of presynaptic ACh function (Slotkin et al. 2013). In contrast,
diazinon exposure in the same developmental period evoked decreases in a4f2 nAChRs
(Slotkin et al. 2008a). Second, with chlorpyrifos, we found long-term upregulation of 5SHT 15
and 5HT>, receptors, and showed that the cognitive deficiencies resulting from the ACh
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defect was offset by SHT replacement of what would ordinarily be ACh-dependent functions
(Aldridge et al. 20054, b). Diazinon reduced 5HT; 5 receptor expression (Slotkin et al.
2008b), which again, would contribute to a worsened functional outcome compared to
chlorpyrifos, conclusions that were confirmed in comparative studies of cognitive and
emotional behaviors (Aldridge et al. 2005a; Levin et al. 2001; Roegge et al. 2008;
Timofeeva et al. 2008). Third, the regional and sex selectivities of chlorpyrifos and diazinon
differed (Aldridge et al. 2004; Dam et al. 1999; Slotkin et al. 20084, b; Slotkin and Seidler
2005); surprisingly, for some indices, females showed greater adverse effects with diazinon
as compared to males, a result that is at odds with typical neurotoxicant effects (Kern et al.
2017).

In the current study, we extended the developmental period of diazinon exposure to
encompass all of gestation and into the second postnatal week, instead of just a brief, four-
day neonatal window. This was done to address the key questions of whether a more
prolonged exposure period produces the same or different patterns of effects, and if a similar
effect, whether there is a greater magnitude with longer exposures. We already know that the
adverse effects of chlorpyrifos on ACh and 5HT systems differ substantially when exposures
occur prenatally vs. postnatally (Aldridge et al. 2004; Dam et al. 1999; Qiao et al. 2003,
2004). If diazinon likewise shows temporal specificity, we might expect to see a different
pattern of effects with continuous perinatal exposure as compared to short-term neonatal
treatment. Furthermore, if the disparities in the effects of diazinon and chlorpyrifos reflect
distinctive critical periods, then a more prolonged period of diazinon exposure might lessen
their differences. Finally, this extended exposure thus encompasses stages of rat brain
development that correspond to the entire gestational period in humans (Rodier 1988).

Our study design was modeled on our previous work with chlorpyrifos and diazinon.
Because administration involved an extended period, we delivered diazinon using osmaotic
minipumps, implanted prior to mating, so as to avoid the stress of repeated handling. We
then evaluated the impact on ACh and 5HT systems from adolescence through adulthood,
assessed in brain regions comprising all the major ACh and 5HT projections and their
corresponding cell bodies. For ACh, we evaluated the concentration of presynaptic high-
affinity choline transporters (hemicholinium-3 [HC3] binding), the activity of choline
acetyltransferase (ChAT), and the concentration of a4p2 nAChRs. High-affinity choline
transporters and ChAT are both constitutive components of ACh nerve terminals but they
differ in their regulatory mechanisms and hence in their functional significance. ChAT is the
enzyme that synthesizes ACh, but is not regulated by nerve impulse activity, so that its
presence provides an index of the development of ACh projections (Slotkin 2008). In
contrast, HC3 binding to the choline transporter is directly responsive to neuronal activity
(Klemm and Kuhar 1979), so that comparative effects on HC3 binding and ChAT enable the
characterization of both the development of cholinergic innervation and presynaptic impulse
activity. For that determination, we calculated the HC3/ChAT ratio as an index of
presynaptic activity relative to the number of cholinergic nerve terminals (Slotkin 2008).
The a4p2 nAChR is the most abundant subtype in the mammalian brain and regulates the
ability of ACh systems to release other neurotransmitters involved in reward, cognition and
mood (Dani and De Biasi 2001). For 5HT systems, we focused on 5HT1 5 and 5HT,
receptors, subtypes that play major roles in 5SHT-related mental disorders, including
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depression (Maes and Meltzer 1995) and that are known targets for organophosphate-
induced developmental neurotoxicity (Aldridge et al. 2004; Slotkin et al. 2006, 2008b;
Slotkin and Seidler 2005).

MATERIALS AND METHODS

Animal treatments.

All experiments were carried out humanely and with regard for alleviation of suffering, with
protocols approved by the Duke University Animal Care and Use Committee and in
accordance with all federal and state guidelines. Sprague-Dawley rats were shipped by
climate-controlled truck (transportation time < 1 hr) and were allowed to acclimate to the
housing facility for two weeks prior to treatment. At 9 weeks of age, each female was
implanted with a Type 2ML4 Alzet® osmotic minipump, inserted subcutaneously on the
back. The pumps were implanted under anesthesia (60 mg/kg ketamine + 0.15-0.50 mg/kg
dexmedetomidine given i.p.; followed post-implant by 0.15 mg/kg atipamezole + 5 mg/kg
ketoprofen given s.c. and topical bupivacaine) and the animals were allowed to recover for
three days. Mating was then initiated by including a male rat in the cage for a period of 5
days. Although the pumps are marketed as a four-week delivery device, it actually takes
approximately 35 days for the reservoir to be exhausted completely (information supplied by
the manufacturer). Because the insemination date varied among different mating pairs,
exposure thus began 7-3 days prior to fertilization and terminated between PN8-11.

There were three treatment groups, each comprising 9-14 dams: control (dimethylsulfoxide
vehicle); and two concentrations of diazinon dissolved in dimethylsulfoxide, calibrated to
deliver 0.5 or 1 mg/kg/day at the start of the infusion period. Because body weights
increased with gestation, the dose rate fell by approximately one-third by the end of
gestation and then rose back toward the original values with the postpartum weight loss. In
studies of short-term exposure, these diazinon doses have been previously shown to elicit
developmental neurotoxicity directed toward ACh and 5HT systems, without overt signs of
toxicity, and to be below the threshold for any detectable cholinesterase inhibition (Slotkin et
al. 2006, 2008a, b). Further, we performed preliminary studies to ensure that prolonged
treatment with the chosen dose rates did not have significant effects on fertility, maternal
weight gain, litter size or postnatal growth.

Parturition occurred during gestational day 22, which was also taken as PNO, and litters were
culled on PN1 to 8-10 pups to ensure standard nutrition. Whole brains from the culled
animals were analyzed for cholinesterase activity. For the remaining pups, weaning occurred
on PN21. On PN30, 60, 100 and 150, animals were decapitated and brain regions were
dissected for determination of ACh and 5HT synaptic markers: frontal/parietal cortex,
temporal/occipital cortex, hippocampus, striatum, midbrain and brainstem. The two cortical
regions were sectioned at the midline and the right half used for the current determinations.
The left halves of the cortical regions were reserved for future studies, along with the
cerebellum, which is sparse in ACh and 5HT projections. Tissues were frozen in liquid
nitrogen and stored at —80°C until assayed. Each treatment group comprised 5-9 animals of
each sex at each age point, with each litter contributing no more than one male and one
female to any of the determinations at a given age.
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Assays were conducted on each individual tissue, so that each determination represented a
value from the corresponding brain region of one animal. The techniques were identical to
those used in our previous studies (Slotkin et al. 2006, 2008a, b), and accordingly, will be
described only in brief. For the cholinesterase assays, tissues were thawed and homogenized
(Polytron, Brinkmann Instruments, Westbury, NY, USA) in ice-cold 50 mM Tris (pH 7.4),
and aliquots of the homogenate were withdrawn for measurement of total protein (Smith et
al. 1985) and cholinesterase activity (Ellman et al. 1961) using acetylthiocholine iodide as a
substrate. Activity was calculated relative to total protein. Assays were conducted on six
animals of each sex for each treatment group.

For the other assays, tissues were thawed and homogenized (Polytron) in 79 volumes of ice-
cold 10 mM sodium-potassium phosphate buffer (pH 7.4). Aliquots of the homogenate were
assayed for ChAT using 50 pM [1#CJacetyl-coenzyme A as a substrate and activity was
determined as the amount of labeled ACh produced relative to tissue protein. For binding
measurements, the cell membrane fraction was prepared from the same tissue homogenate
and aliquots were assayed for: (1) HC3 binding, using a ligand concentration of 2 nM
[3H]HC3 with or without 10 uM unlabeled HC3 to displace specific binding; (2) nAChR
binding, using 1 nM [3H]cytisine with or without 10 pM nicotine as a displacer; (3) 5HT1a
receptor binding with 1 nM [3H]8-hydroxy-2-(di-n-propylamino)tetralin, displaced with 100
UM 5HT; and (4) 5HT,, receptor binding with 0.4 nM [3H]ketanserin, displaced with 10 uM
methylsergide. Ligand binding was calculated relative to the membrane protein
concentration.

Some of the regions had insufficient amounts of tissue to permit all assays to be performed.
Accordingly, we did not obtain values for nAChRs in the striatum, nor for the SHT receptors
in either the striatum or hippocampus.

Data analysis.

The initial statistical comparisons were conducted by a global ANOVA (data log-
transformed because of heterogeneous variance among regions, measures and ages)
incorporating all the variables and measurements in a single test so as to avoid an increased
probability of type 1 errors that might otherwise result from multiple tests of the same data
set. The variables in the global test were treatment (vehicle, diazinon 0.5 mg/kg/day,
diazinon 1 mg/kg/day), brain region, age and sex, with multiple dependent measures
(hereafter, designated simply as “measures”): HC3 binding, ChAT activity and nAChR
binding for the ACh synaptic makers; 5HT 1 and 5HT, receptor binding for the SHT
synaptic markers. For both transmitter systems, the dependent measures were treated as
repeated measures, since all the determinations were derived from the same sample. Where
we identified interactions of treatment with the other variables, data were then subdivided
for lower-order ANOVAS to evaluate treatments that differed from the corresponding control
or from each other. Significance was assumed at the level of p < 0.05, two-tailed.

Data were compiled as means and standard errors. To enable ready visualization of treatment
effects across different regions, ages and measures, the results are given as the percent

Toxicology. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Slotkin et al.

Materials.

RESULTS

Page 6

change from control values but statistical procedures were always conducted on the original
data, with log transforms because of heterogeneous variance as noted above. In addition, the
log-transform evaluates the treatment differences as a proportion to control values, rather
than as an arithmetic difference. This was important because of technical limitations: on any
single day, we could conduct assays for all treatment groups and both sexes, but for only one
region at one age point. Accordingly, representing the data as proportional differences
(percent control) enables a full comparison of treatment effects and treatment interactions
with all the other variables, even though absolute values for the controls cannot be compared
across regions and ages (since assays for each region and age point were run on separate
days). Graphs were scaled to encompass the different dynamic ranges of the changes in the
various parameters. The original values for each set of determinations appear in the
Supplemental Tables.

Animals were purchased from Charles River Laboratories (Raleigh, NC, USA) and osmotic
minipumps (model 2ML4) were from Durect Corp. (Cupertino, CA, USA). Diazinon was
obtained from Chem Service (West Chester, PA, USA). PerkinElmer Life Sciences (Boston,
MA, USA) was the source for [BH]HC3 (specific activity, 125 Ci/mmol), [®H]cytisine
(specific activity 35 Ci/mmol), [3H]8-hydroxy-2-(di-n-propylamino)tetralin (specific
activity, 135 Ci/mmol), [®H]ketanserin (63 Ci/mmol) and [1#C]acetyl-coenzyme A (specific
activity 6.7 mCi/mmol). Methylsergide was obtained from Sandoz Pharmaceuticals (E.
Hanover, NJ, USA) and all other chemicals came from Sigma-Aldrich (St. Louis, MO,
USA).

Maternal, litter and growth effects.

None of the treatments had any significant effect on maternal weight gain during or after
pregnancy or on the proportion of dams giving birth (data not shown). Likewise, litter size
and sex ratio were unaffected: control (n=14), 11.7 + 0.6 pups per litter, 53 + 3% male;
diazinon 0.5 mg/kg/day (n=9), 11.7 £ 0.6 pups per litter, 46 + 8% male, diazinon 1
mg/kg/day (n=11), 11.4 + 0.5 pups per litter, 52 + 5% male. The offspring displayed no
significant treatment-related changes in body weight throughout adolescence and adulthood
(Table S1). For brain region weights, there was a slight (2%) overall increase in the group
receiving the higher dose of diazinon that was statistically significant (p < 0.01) compared
either to the control or low dose diazinon groups (Table S1).

Cholinesterase inhibition.

There were no significant changes in brain cholinesterase activity, measured on the day after
birth (i.e. while diazinon was still being administered): control 47 £ 1 nmol/mg protein/min,
diazinon 0.5 mg/kg/day 46 + 1, diazinon 1 mg/kg/day 48 + 2. Values are reported for males
and females combined (n=12 per treatment group) because of the absence of a significant
main effect of sex or an interaction of treatment x sex. Power testing indicated we would
have been able to detect as little as a 6% difference as statistically significant.
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Global statistical analyses of ACh synaptic markers.

Because nNAChRs were not determined in one of the brain regions (striatum), there were two
different ways of performing global statistical analyses for ACh synaptic markers. First, we
examined all three markers (HC3 binding, ChAT activity, NnAChR binding) across five of the
regions, excluding the striatum. We identified a significant main effect of treatment (p <
0.0001) as well as interactions of treatment x measure (p < 0.0001), treatment x sex (p <
0.0003), treatment x measure x sex (p < 0.05), and treatment x measure x sex x age (p <
0.05). Second, we excluded the nAChR measurements and evaluated HC3 binding and
ChAT activity across all six regions, and likewise found a significant treatment main effect
(p < 0.0001) and interactions of treatment x measure (p < 0.0001), treatment x sex (p <
0.005), and treatment x region (p < 0.02). Accordingly, we evaluated each of the measures
separately for main treatment effects and interactions of treatment with other variables.

HC3 binding (Figure 1).

Across all groups, ANOVA showed a significant main treatment effect (p < 0.0001) that
depended on sex (treatment x sex, p < 0.02). Consequently, we examined each diazinon
treatment group for differences from control and interaction of treatment x sex; although age
and region were still retained as a factor in the statistical analysis, any age- or region-related
interactions were ignored because of the absence of a significant interaction with treatment
in the higher-order test.

The lower dose of diazinon evoked a sex-selective overall reduction in HC3 binding, with
significant deficits in females but not males (Figure 1A). At the higher dose, the sex
selectivity was no longer evident, with decreases appearing in both males and females
(Figure 1B). Because of the complexity of the results, we developed a simplified graphical
representation of the data, calculating the mean values for main treatment effects, collapsed
across region and age (Figure 1C). This streamlined picture dilutes the effects seen for
specific regions or ages by averaging them with data points for which there was no effect or
an opposite effect, so that the absolute magnitude becomes smaller; in addition, the
variability term is no longer meaningful, since values are collapsed across factors that
interact with treatment and that contribute to the overall variance. Despite these limitations,
there were obvious overall patterns that correspond to the net outcomes presented in Figures
1A and 1B. Both treatments produced reductions in FIC3 binding, but at the lower dose, the
effect was bigger in females than in males.

ChAT activity (Figure 2).

Comparing all treatment groups, ANOVA identified a treatment x sex interaction (p < 0.03).
Accordingly, we examined each treatment for sex-selective treatment effects, but not for
treatment interactions with age or region. As before, we retained age and region in the
statistical analysis but ignored any resultant interactions of treatment with these factors
because the interactions were absent in the higher order test.

In contrast to the robust effects on HC3 binding, diazinon elicited only minor changes in
ChAT activity. At 0.5 mg/kg/day, females showed small but statistically significant overall
reductions, whereas males were spared and even showed slight (nonsignificant) increases
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(Figure 2A). The same patterns were present at the 1 mg/kg/day dose but were not
statistically different from controls (Figure 2B). Flowever, the effects of the two diazinon
dose groups were also not statistically distinguishable from each other, so that it is not
appropriate to conclude that there was a nonmonotonic dose-response curve; further, when
the two diazinon doses were compared collectively against controls, the increase in males
also became statistically significant (p < 0.04), distinguishing it from the decrease seen in
females. Again, these patterns are most readily seen by examining the main treatment effects
collapsed across region and age (Figure 2C): slight reductions in females and slight
increases in males.

HC3/ChAT ratio (Figure 3).

ANOVA for the HC3/ChAT ratio identified a main treatment effect (p < 0.0001) but no
significant interactions of treatment with the other factors. Accordingly, we examined the
diazinon groups only for their overall treatment differences from controls, including the
other factors in the lower-order statistical tests but ignoring any resultant interactions of
treatment with the other factors.

The low dose of diazinon elicited an overall decrease in the HC3/ChAT ratio that was
equally evident in males and females (Figure 3A). The higher dose intensified this effect (p
< 0.003 comparing the two diazinon doses to each other; Figure 3B). The collapsed view of
the main treatment effects readily displayed the deficits present in both sexes and the larger
net decrease seen at the higher dose (Figure 3C).

NAChR binding (Figure 4).

Across all groups, ANOVA identified a main effect of treatment on nAChR binding (p <
0.0001), as well as a treatment x sex interaction (p < 0.0001). Accordingly, we examined
each treatment for differences from control and for the interaction of treatment with sex, but
not for interactions with age or region; again, age and region were still retained as a factor in
the statistical analysis, but any resultant age- or region-related interactions were ignored
because of the absence of a significant interaction in the higher-order test.

The lower dose of diazinon elicited a sex-selective decrease in NAChR binding: males were
spared whereas females showed a significant overall decrease (Figure 4A). Raising the dose
to 1 mg/kg/day evoked deficits in both males and females (Figure 4B). Again, these were
readily seen by graphing the main treatment effects collapsed across region and age (Figure
4C).

Global statistical analyses of 5HT receptor binding.

Across both 5FIT receptor subtypes and all treatment groups, global ANOVA identified a
main effect of treatment (p < 0.0001) as well as interactions of treatment x subtype (p <
0.0001), treatment x sex (p < 0.05), treatment x region (p < 0.01), treatment x subtype x sex
(p < 0.01), treatment x subtype x age (p < 0.0001) and treatment x subtype x sex x region x
age (p <0.002). Since treatment interacted with subtype, and given that the other factors
interacted with those two elements, we separated the analysis by receptor subtype to look for
treatment effects and interactions of treatment with the other factors.
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5HT A receptors (Figure 5).

Across all groups, ANOVA identified a main effect of treatment on 5HT 5 receptors (p <

0.0001) as well as interactions of treatment x sex (p < 0.02), treatment x region (p < 0.03)
and treatment x sex X region x age (p < 0.007). Accordingly, we examined each treatment
for differences from control and for interactions of treatment with the other factors.

At the lower dose of diazinon, both sexes showed significant deficits in 5HT 5 receptors but
with a greater effect in females compared to males (Figure 5A). At the higher dose, the
deficits became equivalent in males and females (no treatment x sex interaction) but there
were regional selectivities superimposed on the overall decreases; (Figure 5B); significant
deficits were greatest in the cerebrocortical regions, lesser in the midbrain, and not
significant in the brainstem.

The main treatment effects collapsed across region and age readily show the major deficits
in 5HT1 receptors, with sex-selectivity at the low dose, but not the high dose of diazinon
(Figure 5C).

5HT, receptors (Figure 6).

Across all groups, ANOVA identified effects on 5HT, receptors, characterized by
interactions of treatment x age (p < 0.02) and treatment x region x age (p < 0.05).
Accordingly, we examined each treatment for differences from control, focusing on
interactions with region and age, but not with sex; although sex was still retained as a factor
in the statistical analysis, any sex-related interactions were ignored because of the absence of
a significant interaction in the higher-order test.

In contrast to the robust deficits seen for diazinon’s effects on 5HTq A receptors, the effects
on 5HT, receptors were in the opposite direction and were more modest in magnitude. At an
exposure of 0.5 mg/kg/day, there were age- and region-specific increases (Figure 6A) which
became more consistent (significant main treatment effect) at the higher dose (Figure 6B).
The collapsed view of the main treatment effects displays the overall net increases in 5HT,
binding evoked by diazinon exposure (Figure 6C).

Regional selectivity (Figure 7).

In the analyses above, we separated the data into males and females, and subdivided into
individual biomarkers. Whereas this made the sex selectivity of many of the effects readily
discernible, it obscured the regional selectivity (treatment x region interaction) that had been
apparent in the higher-order tests, that had combined values across sexes and the different
measures: ACh biomarkers, p < 0.02 for the interaction; 5HT receptor biomarkers, p < 0.01.
To visualize the regional differences, we collapsed the diazinon treatment effects across
dose, age and sex and then reevaluated the statistical outcomes grouped by target
mechanisms that shared the same regional determinations: presynaptic ACh markers (HC3,
ChAT; all six regions), and the “adaptive” receptor responses (NnAChR binding, SHT receptor
subtypes; statistical analysis across the four regions for which all three were determined).
For the presynaptic ACh markers (HC3, Figure 7A; ChAT, Figure 7B), there was a
significant treatment x region interaction (p < 0.02), with a clear pattern of deficits

Toxicology. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Slotkin et al.

Page 10

predominating in the cerebrocortical regions and hippocampus, lesser effects in the midbrain
and brainstem, and least in the striatum. Thus, although the deficit in the HC3/ChAT ratio
was fairly uniform across all the regions (Figure 7C), there were regional differences in the
mechanism underlying the subnormal values. For frontal/parietal cortex, temporal/occipital
cortex and hippocampus, both HC3 binding and ChAT were reduced, but the effect on HC3
binding was much larger. For the midbrain and brainstem, there were smaller effects on HC3
binding superimposed on a slight increase in ChAT, leading to a similar drop in the HC3/
ChAT ratio. For the striatum, an increase in ChAT was the predominant contributor to the
reduced ratio.

For the adaptive receptor biomarkers, there was also a significant treatment x region
interaction (p < 0.02), connoting regional selectivity of diazinon’s effects. As with the ACh
presynaptic markers, the reductions in nAChRs (Figure 7D) and 5HT1 A receptors (Figure
7E) were most prominent in the cerebrocortical regions as opposed to the midbrain and
brainstem. For the 5HT, subtype, the regional disparities reflected elevations in the latter
two regions, but not in the cerebrocortical areas (Figure 7F).

DISCUSSION

Our results point to four main conclusions. First, continuous perinatal diazinon exposure
produced ACh and 5HT deficits that were more consistent and intense than those seen when
exposure was restricted to a four-day window in the postnatal period (Slotkin et al. 2008a,
b), indicating that vulnerability extends over a wider developmental span. Second, despite
the greater effects of continuous perinatal diazinon exposure, the basic pattern of effects
resembled that of the shorter, postnatal treatment paradigm. On a regional basis, this was
characterized by targeting of cerebrocortical regions and the hippocampus, but sparing of the
striatum and of earlier-developing regions, the midbrain and brainstem. With brief postnatal
treatment, it could be argued that the exposure occurred after the spike of neurogenesis and
neurodifferentiation for the spared regions (Rodier 1988). However, in the current study, the
exposure continued throughout all phases of prenatal and early postnatal neurodevelopment,
thus bracketing neurogenesis and neurodifferentiation for all the brain areas, and yet we still
saw the same regional sparing. This indicates that diazinon specifically targets the regulation
of ACh and 5HT synaptic activity in neural pathways that project to cerebrocortical regions
and the hippocampus, again pointing to underlying defects in the regulation of synaptic
activity; future studies will need to address the underlying mechanisms for regional
selectivity.

The third main conclusion is that females were more sensitive than males, a distinction that
runs opposite to that of most other neurotoxicants, for which males are typically more
vulnerable (Kern et al. 2017); again, this mirrors the pattern seen with short-term postnatal
exposure (Slotkin et al. 2008a, b), and the reasons for this specificity need to be explored.
Fourth, the regional and sex selectivities seen for diazinon did not match those obtained with
chlorpyrifos exposure, whether given in prenatal or postnatal periods (Aldridge et al. 2004;
Dam et al. 1999; Qiao et al. 2003, 2004; Slotkin and Seidler 2005, 2007). Even more
critically, our earlier work with chlorpyrifos showed compensation for the presynaptic
deficits in ACh function, in the form of upregulation of NnAChRs and 5HT receptors
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(Aldridge et al. 2004, 2005a; Slotkin et al. 2013; Slotkin and Seidler 2005). With diazinon
exposure, not only did these compensatory effects not occur, but the receptors were actually
downregulated, effects that would serve to augment the adverse consequences of presynaptic
ACh deficits. The differences between diazinon and chlorpyrifos further point to a lack of
dependence of their neurodevelopmental effects on their common attribute as cholinesterase
inhibitors. Indeed, the organophosphate doses used in both sets of studies were below the
threshold for any detectable cholinesterase inhibition.

Globally, perinatal diazinon exposure impaired the development of ACh presynaptic activity,
evidenced by reductions in the HC3/ChAT ratio in every brain region (Figure 7C). The
deficits reflected a much greater, negative impact on HC3 binding compared to ChAT. We
can thus rule out the possibility that diazinon simply leads to loss of ACh neurons, which
would have produced a parallel loss in both markers. Instead, there appears to be a
functional defect in the regulation of ACh presynaptic activity, since HC3 binding is
responsive to neural activity but ChAT is not (Slotkin 2008). Indeed, superimposed on this
general pattern, there were specific regional differences in the contribution of HC3 and
ChAT components (Figure 7A, 7B). The cerebrocortical regions and hippocampus displayed
the largest reductions in HC3 binding, whereas slight increases in ChAT contributed to the
lowered ratio in the other regions, especially the striatum. The same regional disparities
carried over into the expression of NAChRs and 5HT receptors: greater deficits for nAChRs
and 5HTq 4 receptors in cerebrocortical regions compared to midbrain and brainstem (Figure
7D, 7E), and compensatory upregulation of 5HT, receptors only in the latter two regions
(Figure 7F). Taken together, this demonstrates a clear regional pattern of vulnerability:
greatest deficits in regions with high ACh and 5HT synaptic terminal density
(cerebrocortical regions, hippocampus) but lesser effects in earlier-developing regions
enriched in neuronal cell bodies for these transmitter systems (midbrain, brainstem). This is
exactly the same pattern seen when diazinon administration was restricted to a brief
postnatal window (Slotkin et al. 2008a, b), indicating that the regional selectivity is a
characteristic of this particular organophosphate, and not reflective of regional differences in
a critical window of vulnerability. Further, the fact that there is regional selectivity specific
to each marker indicates that diazinon does not simply repress expression of the ACh- and
5HT-related proteins, as then, the regions would all show the same defects.

Perhaps the most important part of our findings is the distinction between the effects of
diazinon as compared to our earlier results for the effects of chlorpyrifos on the same
biomarkers (Aldridge et al. 2004, 2005a; Slotkin et al. 2013). First, both sets of studies
utilized exposures that had little or no impact on cholinesterase activity; in the present study,
we found no reduction in cholinesterase, and could have detected an effect as small as a 6%
reduction, well below the 70% inhibition threshold required to elicit functional cholinergic
hyperstimulation (Clegg and van Gemert 1999). Our studies with chlorpyrifos were likewise
conducted with exposures at or below the threshold for barely-detectable cholinesterase
inhibition (Qiao et al. 2002; Song et al. 1997). With the matching of exposures on the basis
of the cholinesterase biomarker, both organophosphates had deleterious effects on the
development of ACh presynaptic activity but they differed substantially in regional- and sex-
selectivity, and most critically, in their abilities to elicit compensatory changes in NAChRs
and 5HT receptors. Chlorpyrifos produced much greater loss of ACh presynaptic activity in
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males, without discernible regional selectivity (Slotkin et al. 2013); as seen here, the lower
dose of diazinon affected females to a greater extent than males for both HC3 binding
(Figure 1A) and ChAT (Figure 2A), superimposed on a distinct regional hierarchy (Figures
7A, 7B). But the biggest differences between the two organophosphates were seen for the
compensatory receptor responses. Whereas chlorpyrifos produces upregulation of NAChRs
and 5HT receptors (Aldridge et al. 2004, 2005a; Slotkin et al. 2013), diazinon elicited
significant overall decreasesin nAChRs and the 5HTq 4 receptor subtype, effects that would
serve to exacerbate the presynaptic functional deficits. Unlike the effects of chlorpyrifos,
these two receptor changes again showed preference for females (Figures 4A, 5A). Slight
upregulation was detected for the 5HT, subtype but the magnitude of the effect was modest
compared to the loss of the other two receptors. The critical differences between the main
treatment effects of chlorpyrifos and diazinon are summarized in Table 1, along with a
comparison of short-term (PN1-4) diazinon to continuous perinatal exposure as studied in
the present paper. The latter indicates an intensification of diazinon’s effects with the more
prolonged exposure, but the overall same pattern with one exception (sex selectivity for
5HT1 A receptors).

Interestingly, the distinctions between chlorpyrifos and diazinon are equally demonstrable
with in vitro models of neurodifferentiation (Slotkin and Seidler 2008, 2009): whereas both
organophosphates impair emergence of the ACh phenotype, chlorpyrifos promotes overall
expression of NAChR subunits and 5HT receptors, whereas diazinon largely suppresses
them. This points to direct mechanistic differences between the effects of the two
organophosphates on neural development. In any case, our results lead to a prediction of
more deleterious neurobehavioral deficits after diazinon exposure as compared to
chlorpyrifos; behavioral studies to confirm this prediction are nearing completion.

Finally, the disparities between the effects of diazinon and chlorpyrifos emphasize the fact
that the developmental neurotoxicity of organophosphates is not “one-size-fits-all.” More
specifically, at exposures below the threshold for cholinesterase inhibition, there are distinct
dissimilarities in regional- and sex-selectivities, and in the adaptive changes that serve to
offset presynaptic ACh deficits. Consequently, it is problematic to set safety thresholds for
one organophosphate on the basis of another, especially if such comparisons are based on an
inadequate biomarker such as cholinesterase inhibition.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
Diazinon was given from gestation through postnatal week 2
Exposures were below the threshold for cholinesterase inhibition

Acetylcholine (ACh) and serotonin (5HT) systems were impaired into
adulthood

ACh presynaptic neuronal activity, ACh and 5HT receptors were all reduced

Diazinon worse than chlorpyrifos, which shows compensatory receptor
upregulation
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Figure 1.
Effects of perinatal diazinon exposure on HC3 binding: (A) 0.5 mg/kg/day, (B) 1 mg/kg/day.

Data represent means and standard errors, presented as the percent change from control
values; complete original data are shown in Supplement Table S2. Multivariate ANOVA for
each treatment appears at the top of the panels. Lower-order tests were carried out only
where justified by interactions of treatment with other variables. Panel (C) shows the simple
main treatment effects, collapsed across age and region. Abbreviations: f/p, frontal/parietal
cortex; t/o, temporal/occipital cortex; hp, hippocampus; st, striatum; mb, midbrain; bs,
brainstem; NS, not significant.
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Effects of perinatal diazinon exposure on ChAT activity: (A) 0.5 mg/kg/day, (B) 1 mg/kg/
day. Data represent means and standard errors, presented as the percent change from control
values; complete original data are shown in Supplement Table S3. Multivariate ANOVA for
each treatment appears at the top of the panels. Lower-order tests were carried out only
where justified by interactions of treatment with other variables. Panel (C) shows the simple
main treatment effects, collapsed across age and region. Abbreviations: f/p, frontal/parietal
cortex; t/o, temporal/occipital cortex; hp, hippocampus; st, striatum; mb, midbrain; bs,
brainstem; NS, not significant.
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Effects of perinatal diazinon exposure on the HC3/ChAT ratio: (A) 0.5 mg/kg/day, (B) 1
mg/kg/day. Data represent means and standard errors, presented as the percent change from
control values; complete original data are shown in Supplement Table S4. Multivariate
ANOVA for each treatment appears at the top of the panels. Lower-order tests were not
carried because of the absence of interactions of treatment with other variables. Panel (C)
shows the simple main treatment effects, collapsed across age and region. Abbreviations:
f/p, frontal/parietal cortex; t/o, temporal/occipital cortex; hp, hippocampus; st, striatum; mb,
midbrain; bs, brainstem.
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Figure 4.
Effects of perinatal diazinon exposure on nAChR binding: (A) 0.5 mg/kg/day, (B) 1 mg/kg/

day. Data represent means and standard errors, presented as the percent change from control
values; complete original data are shown in Supplement Table S5. Multivariate ANOVA for
each treatment appears at the top of the panels. Lower-order tests were carried only where

justified by interactions of treatment with other variables. Panel (C) shows the simple main
treatment effects, collapsed across age and region. Abbreviations: f/p, frontal/parietal cortex;
t/o, temporal/occipital cortex; hp, hippocampus; mb, midbrain; bs, brainstem; NS, not
significant.
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Figure 5.
Effects of perinatal diazinon exposure on 5HTq 4 receptor binding: (A) 0.5 mg/kg/day, (B) 1

mg/kg/day. Data represent means and standard errors, presented as the percent change from
control values; complete original data are shown in Supplement Table S6. Multivariate
ANOVA for each treatment appears at the top of the panels. Lower-order tests were carried
out only where justified by interactions of treatment with other variables. Panel (C) shows
the simple main treatment effects, collapsed across age and region. Abbreviations: f/p,
frontal/parietal cortex; t/o, temporal/occipital cortex; mb, midbrain; bs, brainstem.
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Figure 6.
Effects of perinatal diazinon exposure on 5HT, receptor binding: (A) 0.5 mg/kg/day, (B) 1

mg/kg/day. Data represent means and standard errors, presented as the percent change from
control values; complete original data are shown in Supplement Table S6. Multivariate
ANOVA for each treatment appears at the top of the panels. Lower-order tests were carried
only where justified by interactions of treatment with other variables. Panel (C) shows the
simple main treatment effects, collapsed across age and region. Abbreviations: f/p, frontal/
parietal cortex; t/o, temporal/occipital cortex; mb, midbrain; bs, brainstem.
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Main Treatment Effect by Region
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Figure 7.
Regional selectivity of diazinon, displayed as the main treatment effect collapsed across

dose, sex and age: (A) HC3 binding, (B) ChAT activity, (C) HC3/ChAT ratio, (D) nAChR
binding, (E) 5HT1 receptors, (F) 5HT, receptors. Regional selectivity was statistically
significant across the presynaptic ACh markers (HC3, ChAT), as evidenced by a treatment x
region interaction (p < 0.02); values were significantly different from control for frontal/
parietal cortex (f/p, p < 0.03), temporal/occipital cortex (t/o, p < 0.0004) and hippocampus
(hp, p < 0.003) but not for striatum (st), midbrain (mb) and brainstem (bs). Likewise, for the
adaptive receptor markers (NAChR binding, 5HT1 4 receptors, 5HT, receptors), regional
selectivity was apparent (treatment x region interaction, p < 0.02), with significant
differences for frontal/parietal cortex (p < 0.0001), temporal/occipital cortex (p < 0.004) and
midbrain (p < 0.05), but not brainstem.
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TABLE 1.

Comparative Main Treatment Effects of Chlorpyrifos and Diazinon
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Chlorpyrifos PN1-4 (Aldridge et al. 2004; Diazinon PN1-4 (Slotkin et al. : - :

Slotkin et al. 2013) 2008a,b) Perinatal Diazinon (this study)
HC3 binding W W W

male effect > female female effect > male female effect > male
ChAT activity { | 1

female effect > male female effect > male female effect > male
HC3/ChAT ratio | ¥ 1 W

male effect > female
nAChR binding | ™ i W

male effect > female female effect > male female effect > male
5HT, A receptors | ™ l W

male effect > female male effect > female female effect > male
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