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Abstract
The consequences of exposure to developmental neurotoxicants are influenced by environmental
factors. In the present study, we examined the role of dietary fat intake. We administered parathion
to neonatal rats and then evaluated whether a high-fat diet begun in adulthood could modulate the
persistent effects on 5HT and DA systems. Neonatal rats received parathion on postnatal days 1-4
at 0.1 or 0.2 mg/kg/day, straddling the cholinesterase inhibition threshold. In adulthood, half the
animals in each exposure group were given a high-fat diet for 8 weeks. We assessed 5HT and DA
concentrations and turnover in brain regions containing their respective cell bodies and projections.
In addition, we monitored 5HT1A and 5HT2 receptor binding and the concentration of 5HT
presynaptic transporters. Neonatal parathion exposure evoked widespread increases in
neurotransmitter turnover, indicative of presynaptic hyperactivity, further augmented by 5HT
receptor upregulation. In control rats, consumption of a high-fat diet recapitulated many of the
changes seen with neonatal parathion exposure; the effects represented convergent mechanisms,
since the high-fat diet often obtunded further increases caused by parathion. Neonatal parathion
exposure causes lasting hyperactivity of 5HT and DA systems accompanied by 5HT receptor
upregulation, consistent with “miswiring” of neuronal projections. A high-fat diet obtunds the effect
of parathion, in part by eliciting similar changes itself. Thus, dietary factors may produce similar
synaptic changes as do developmental neurotoxicants, potentially contributing to the increasing
incidence in neurodevelopmental disorders.

Keywords
Brain development; Dopamine; High-fat diet; Organophosphate insecticides; Parathion; Serotonin

© 2009 Elsevier Inc. All rights reserved.
Correspondence: Dr. T.A. Slotkin, Box 3813 DUMC, Duke Univ. Med. Ctr., Durham, NC 27710, Tel 919 681 8015, t.slotkin@duke.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neurotoxicol Teratol. Author manuscript; available in PMC 2010 November 1.

Published in final edited form as:
Neurotoxicol Teratol. 2009 ; 31(6): 390–399. doi:10.1016/j.ntt.2009.07.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Increased exposure to environmental toxicants is thought to underlie the rising incidence of
neurodevelopmental disorders [21]. For widely-used agents, such as organophosphate
pesticides, human exposures are virtually ubiquitous [7,10], and animal models clearly show
that organophosphates disrupt brain development, leading to lasting behavioral deficits [36].
Nevertheless, it is obvious that the adverse effects are not distributed uniformly throughout the
population but rather, there are vulnerable subgroups. Considerable attention has focused on
the social and genetic factors that contribute to increased exposure and sensitivity, such as
socioeconomic status and geographical location, e.g. inner-city, immigrant and agricultural
populations [9,15,34,54], and gene-environment interactions involving polymorphisms that
affect organophosphate degradation [14,18,19]. In contrast, relatively little work has been done
on factors later in life that could influence the long-term consequences of fetal or neonatal
toxicant exposure, either increasing or decreasing the vulnerability of specific individuals or
populations in terms of functional outcome rather than initial exposure or injury. We recently
explored how consumption of a diet high in saturated fat influenced the outcome of neonatal
parathion exposure, basing our rationale on the successful use of “ketogenic” diets in treating
refractory epilepsies [8,13,23,24] and on pilot studies showing salutary effects on attention
deficit hyperactivity disorder, autism and animal models of neurobehavioral disorders [13,
16,33,50]. In our studies, we found that introduction of a high-fat diet worsened the metabolic
consequences of neonatal parathion exposure but ameliorated many of the synaptic deficits in
cholinergic pathways that control learning, memory and other essential functions [26,37].
These results provided some of the first evidence that the consequences of early-life
organophosphate exposure could be modulated by nongenetic factors that are readily
manipulated, testable in animal models, and potentially, easily translated to human studies.

The effects of a high-fat diet on synaptic responses are likely due to global changes in the
composition of synaptic membrane lipids [22,32], and therefore can span multiple brain regions
and neurotransmitter systems [11,20,25]. In the present work, we explored the lasting effects
of neonatal parathion exposure on serotonin (5-hydroxytryptamine, 5HT) pathways in rat brain
regions and the effects of dietary manipulation in adulthood on the outcome. There are a number
of reasons for a focus on 5HT. Organophosphates appear to target the development of 5HT
systems as much as, or even more than cholinergic pathways [4,5,39,40,43-45,48], leading to
corresponding behavioral deficits [1,35,51,52]. In keeping with the known role of 5HT
abnormalities in affective disorders [30,31], rats exposed to low doses of organophosphates as
neonates show depression-like behavioral patterns in adulthood [1]; further, a clear connection
appears to be emerging between human organophosphate exposure and depression and suicide
[27,28]. Here, we focused on parathion treatment regimens that span the threshold for barely-
detectable cholinesterase inhibition [48]. Then, in adulthood, we switched some of the animals
to a high-fat, “ketogenic” diet that more than doubles serumβ-hydroxybutyrate concentrations
[26]. We then performed evaluations of multiple indices of 5HT synaptic function in all the
brain regions comprising the major 5HT projections (frontal/parietal cortex, temporal/occipital
cortex, hippocampus, striatum) as well as those containing 5HT cell bodies (midbrain,
brainstem). We assessed the concentration of 5HT as well as 5HT turnover as an index of
presynaptic neuronal activity. In addition, we measured three 5HT synaptic proteins known to
be highly affected by developmental exposure to organophosphates [3-5,39,40,45,48], the
5HT1A and 5HT2 receptors (5HT1AR, 5HT2R), and the presynaptic 5HT transporter (5HTT).
The two receptors play major roles in 5HT-related mental disorders, particularly depression
[6,17,56,57], and the transporter, which regulates the synaptic concentration of 5HT, is the
primary target for antidepressant drugs [29-31]. Finally, we compared effects on 5HT to those
on dopamine (DA), a monoamine that has similar properties in terms of transmitter
biosynthesis, storage and release, but that subserves different functions and whose cell bodies
and projections have different regional distributions from those of 5HT.
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MATERIALS AND METHODS
Animal treatments and diet

All experiments were carried out humanely and with regard for alleviation of suffering, with
protocols approved by the Duke University Institutional Animal Care and Use Committee and
in accordance with all federal and state guidelines. Timed-pregnant Sprague-Dawley rats
(Charles River, Raleigh, NC) were housed in breeding cages, with a 12 h light-dark cycle and
free access to water and food (LabDiet 5001, PMI Nutrition, St. Louis, MO). On the day after
birth, all pups were randomized and redistributed to the dams with a litter size of 10 (5 males,
5 females) to maintain a standard nutritional status. Parathion (99.2% purity; Chem Service,
West Chester, PA) was dissolved in dimethylsulfoxide to provide consistent absorption [38,
48,53] and was injected subcutaneously in a volume of 1 ml/kg once daily on postnatal days
1-4; control animals received equivalent injections of the dimethylsulfoxide vehicle. Doses of
0.1 and 0.2 mg/kg/day were chosen because they straddle the threshold for barely-detectable
cholinesterase inhibition and the first signs of reduced weight gain or impaired viability [38,
48]. Brain cholinesterase inhibition 24 hr after the last dose of 0.1 mg/kg parathion is reduced
5-10%, well below the 70% threshold necessary for signs of cholinergic hyperstimulation
[12]. To avoid the possibility that dams might distinguish between control and parathion-
treated pups, all pups in a given litter received the same treatment. Randomization of pup litter
assignments within treatment groups was repeated at intervals of several days up until weaning,
and in addition, dams were rotated among litters to distribute any maternal caretaking
differences randomly across litters and treatment groups. Offspring were weaned on postnatal
day 21 and the final litter assignment for each rat was noted; studies were then conducted using
one male and one female from each litter. After weaning, animals were separated by sex and
housed in groups according to standard guidelines.

Beginning at 15 weeks of age, half the rats were switched to a high-fat diet (OpenSource
D12330, Research Diets Inc., New Brunswick, NJ), providing 58% of total calories as fat; 93%
of the fat is hydrogenated coconut oil. The remaining rats continued on the standard LabDiet
5001 diet, which provides 13.5% of total calories as fat; with this diet, 27% of the fat is
saturated. Although the high-fat diet contains 37% more calories per gram, we found that
animals on this diet reduce their food intake by approximately the same proportion [26], so
that the total dietary intake is isocaloric; nevertheless, animals gain excess weight because of
the higher fat content [26]. During the 24th postnatal week, animals were decapitated and brains
were dissected into the frontal/parietal cortex, temporal/occipital cortex, hippocampus,
striatum, midbrain and brainstem. Neurochemical determinations were made on regions from
6-12 rats per treatment group for each sex and with each diet, with no more than one male and
one female derived from a given litter in each group.

Neurotransmitter concentration and turnover
Tissues were thawed and homogenized in ice-cold 0.1 M perchloric acid and sedimented for
20 min at 40,000 × g. The supernatant solution was collected and aliquots were used for analysis
of 5HT, 5-hydroxyindoleacetic acid (5HIAA), DA, dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA) by high-performance liquid chromatography with electrochemical
detection [47,55]. Concurrently-run standards, containing each of the neurotransmitters and
metabolites (Sigma Chemical Co., St. Louis, MO), were used to calculate the regional
concentration of each neurochemical. Transmitter turnover was calculated as the ratio of
metabolites to transmitter, i.e. 5HIAA/5HT, and either DOPAC/DA or (DOPAC+HVA)/DA;
since HVA contributed significantly to total metabolites in only one region (striatum), the ratio
was calculated as DOPAC/DA in the other regions.
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Ligand binding assays
All of the ligand binding methodologies used in this study have appeared in previous papers
[5,38,42,45], so only brief descriptions will be provided here. Tissues were thawed and
homogenized (Polytron, Brinkmann Instruments, Westbury, NY) in ice-cold 50 mM Tris (pH
7.4), and the homogenates were sedimented at 40,000 × g for 15 min. The pellets were washed
by resuspension (Polytron) in homogenization buffer followed by resedimentation, and were
then dispersed with a homogenizer (smooth glass fitted with Teflon pestle) in the same buffer.
An aliquot was assayed for measurement of membrane protein [49].

Two radioligands were used to determine 5HTR binding: 1 nM [3H]8-hydroxy-2-(di-n-
propylamino)tetralin for the 5HT1AR, and 0.4 nM [3H]ketanserin for the 5HT2R. Binding to
the presynaptic 5HTT site was evaluated with 85 pM [3H]paroxetine. For the 5HT1AR and
5HTT sites, specific binding was displaced by addition of 100 μM 5HT; for the 5HT2R, we
used 10 μM methylsergide for displacement. The overall strategy was to examine binding at
a single ligand concentration in preparations from all regions in every animal, focusing on a
concentration above the Kd but below full saturation. We can thus detect changes that originate
either in altered Kd or Bmax but can not distinguish between the two possible mechanisms,
albeit that a change in Kd would seem highly unlikely. This strategy was necessitated by the
amount of tissue available for each determination and technical limitations engendered by the
requirement to measure binding in six treatment groups in multiple brain regions, with six
animals for each sex. Thus, there were hundreds of separate membrane preparations, each of
which had to be evaluated for binding of three different ligands.

Data analysis
Data were compiled as means and standard errors. The experimental design was identical to
that in two previous papers using animals from the same treatment cohorts [26,37], so the
overall statistical procedures were the same and will be described only briefly here. Each set
of determinations began with a global ANOVA incorporating all variables in a single test:
neonatal treatment, diet, brain region, sex, and the multiple measurements made for each class
of variables, with the latter regarded as repeated measures (since multiple measurements were
made from the same tissue sample). When this initial test showed main effects of the
contributing variables as well as significant interactions among the variables, we then
conducted a series of nested, lower-order ANOVAs separating the measurements according to
the interactive variables. The interactions were maintained in the lower-order tests so that we
present the data for males and females, separated for each region and measure. Results are then
shown with ANOVA followed by Fisher’s Protected Least Significant Difference to establish
individual groups that differ from the corresponding control; for concision, the statistical results
are shown only for the final subdivisions of the data and the individual differences between
groups, but in all cases, these were preceded by significance established with each stage of the
nested ANOVAs, essentially as shown in the earlier papers [26,37], and as described in
shortened form in the corresponding portions of the Results section, below. For all tests,
significance was assumed at p < 0.05.

RESULTS
We reported earlier on the effects of neonatal parathion treatments and dietary manipulations
on body weights from the same cohort of animals as used in the present study [26]. Although
there were no effects of parathion on body weight during or immediately after the PN1-4
exposure period, small but significant weight differences emerged by weaning, persisting into
adulthood. By itself, parathion caused a small (2-3%) but significant elevation in weight at the
low dose in males, and reductions of about 4% at either dose in females. Consumption of a
high fat diet increased body weights regardless of whether animals were exposed to parathion
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as neonates, with an average 10% increase in males and 30% in females. Multivariate ANOVA
(factors of neonatal treatment, diet, sex, region) for brain region weights did not show any
effects of parathion but did indicate a significant diet × region interaction (p < 0.04), reflecting
an effect confined to the hippocampus (p < 0.005 for main effect of diet), involving a 5%
increase caused by the high fat diet (data not shown).

5HT Concentration and Turnover
For 5HT concentration, the global ANOVA indicated main effects of parathion treatment (p
< 0.0002), diet (p < 0.0009), sex (p < 0.05) and region (p < 0.0001), as well as two-, three- and
four-factor interactions among all the variables (not shown). The main effect for parathion
treatment resulted from a net decrease in 5HT that was significant at both parathion doses (p
< 0.0001); the main effect for diet reflected lower 5HT concentrations with the high fat diet as
compared to normal diet (p < 0.0001). For 5HT turnover, the global test similarly indicated
significant main effects for all variables (p < 0.0001 for parathion treatment, p < 0.0001 for
diet, p < 0.05 for sex, p < 0.0001 for region) as well as multiple interactions (not shown). The
main effect of treatment resulted from higher turnover in the parathion groups compared to
control (p < 0.02 for 0.1 mg/kg, p < 0.0001 for 0.2 mg/kg), and the main effect of diet reflected
higher values in the animals consuming a high-fat diet (p < 0.0001).

In the frontal/parietal cortex, parathion treatment by itself elicited significant reductions in 5HT
concentration in females, an effect that was also present in animals given the high-fat diet
(Figure 1A). On the other hand, 5HT turnover was enhanced by parathion exposure in both
males and females (Figure 1B); the high-fat diet by itself increased turnover in males
(significant difference between normal diet control group and high-fat diet control group) but
did not alter the effect of parathion, which still evoked significant increases in both sexes. In
the temporal/occipital cortex, neither parathion nor dietary manipulation evoked any
significant changes in 5HT concentration (Figure 1C). Nevertheless, males still showed
significant increases in 5HT turnover evoked by neonatal parathion exposure (Figure 1D); in
this case, animals given the high-fat diet did not show any increase in turnover, nor did females
evince any effects of either parathion or diet. Hippocampal 5HT concentrations were not
significantly affected by any of the treatment/diet combinations (Figure 1E) and again, 5HT
turnover was increased by parathion in males but not females (Figure 1F). Males given the
high-fat diet alone displayed significantly higher 5HT turnover than corresponding animals on
the normal diet, and did not show any further effects of parathion above that level.

In the striatum, there was an overall decrease in the values for 5HT concentration in animals
exposed to parathion (multivariate ANOVA, p < 0.05 for the main effect of treatment, p < 0.04
individually for either dose group vs. control) but none of the values achieved significance
individually when subdivided into males and females in the two dietary groups (Figure 2A).
Turnover was increased by parathion in both males and females on the normal diet (Figure
2B); for animals given the high-fat diet, the dietary intervention by itself increased 5HT
turnover, obtunding any further effect of parathion in males and lessening the difference in
females. For midbrain 5HT concentration, parathion exposure had no effect in males with or
without the high fat diet (Figure 2C). In females, midbrain 5HT was decreased significantly
by either dose of parathion in animals on the normal diet; the high-fat diet by itself reduced
5HT levels, which then lessened the further impact of parathion. Both males and females on
the normal diet showed parathion-induced increases in midbrain 5HT turnover (Figure 2D).
The high-fat diet raised turnover by itself and accordingly, there were no further differences
evoked by parathion exposure. For brainstem 5HT concentration, values were reduced in males
exposed to the lower dose of parathion but there were no changes in any other group (Figure
2E). 5HT turnover was increased by parathion in males given the normal diet but not those on
the high-fat diet (Figure 2F); again, the reduced effect of parathion resulted from a higher
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turnover value elicited by the dietary manipulation alone. Females did not show any alterations
in brainstem 5HT turnover.

5HT Receptors and Transporter
The global ANOVA (neonatal parathion treatment, diet, sex, region, the three 5HT synaptic
protein measures) identified main effects for parathion treatment (p < 0.0002), sex (p < 0.03),
region (p < 0.0001) and measure (p < 0.0001) as well as two-, three-, four- and five-factor
interactions (not shown). The main effect of parathion reflected significantly higher values for
either dose group compared to control (p < 0.0005 for 0.1 mg/kg vs. control, p < 0.0002 for
0.2 mg/kg vs. control). This main effect was maintained after subdivision into the three different
measures: p < 0.03 for the 5HT1AR (p < 0.03 for 0.1 mg/kg vs. control, p < 0.04 for 0.2 mg/
kg vs. control), p < 0.005 for the 5HT2R (p < 0.0002 for 0.2 mg/kg vs. control), p < 0.02 for
the 5HTT site (p < 0.05 for 0.1 mg/kg vs. control, p < 0.002 for 0.2 mg/kg vs. control). As
before, each main effect also showed interactions of parathion treatment with the other
variables (diet, sex, region; not shown), necessitating examination the corresponding data
subdivisions.

In the frontal/parietal cortex, males showed no significant alterations in 5HT1AR binding,
regardless of neonatal treatment or dietary manipulation, but females evinced a decrease caused
by parathion (Figure 3A); this effect was reversed by consumption of a high-fat diet. Within
this region, there were no significant effects on either 5HT2R (Figure 3B) or 5HTT binding
(Figure 3C).

In the temporal/occipital cortex, 5HT1AR binding was augmented by neonatal parathion
treatment, an effect that was present regardless of whether animals were given a normal or
high-fat diet (Figure 3D); females showed no significant effects. For 5HT2Rs, parathion-
induced increases were evident for both males and females on the normal diet (Figure 3E); the
high-fat diet obtunded the effect in females but not males. In males consuming a normal diet,
neonatal parathion exposure had no effect on 5HTT binding but animals on the high-fat diet
showed parathion-evoked decreases (Figure 3F); again, these were associated with generally
higher values for the effects of diet alone in the control group. Females displayed significant
increases in 5HTT binding after neonatal parathion exposure, regardless of whether they were
consuming a normal or high-fat diet.

The brainstem showed strong sex-differences in the effects of parathion exposure by itself on
5HT1AR binding, with significant increases in males but not females (Figure 3G). Addition of
a high-fat diet did not change the pattern. For 5HT2R binding, parathion evoked increased
values in males on either a normal or high-fat diet (Figure 3H); although females did not show
significant increases, the apparent sex difference needs to be viewed with caution because this
parameter did not show a significant treatment × sex interaction, indicating that the
nonsignificant effect in females was not itself distinguishable from the significant effect in
males. For 5HTT binding, females showed significant parathion-induced increases regardless
of diet, whereas males were unaffected (Figure 3I).

DA Concentration and Turnover
For measurements of the DA concentration, multivariate ANOVA identified only a main effect
of region (p < 0.0001), whereas for DA turnover, there were robust main effects of parathion
treatment (p < 0.0001), diet (p < 0.007) and region (p < 0.0001), as well as interactions of these
three variables with each other and with sex (not shown). The main effect of parathion reflected
significant increases (p < 0.0001) for either dose group compared to control and the main effect
of diet resulted from higher values overall in the group consuming a high-fat diet (p < 0.004).
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In the frontal/parietal cortex, there were no significant changes in DA concentration (Figure
4A) but increases were seen for DA turnover (Figure 4B). For males, there was no significant
increase caused by parathion in animals consuming a normal diet, but a marked increase in
those on the high-fat diet. In females, parathion evoked increases in DA turnover regardless
of diet. The midbrain likewise showed no significant effects on DA concentration (Figure 4C)
but increases in DA turnover (Figure 4D). In this region, effects were confined to females, who
again displayed significant parathion-evoked increases regardless of diet. The DA
concentration in the striatum was unaltered by parathion treatment with or without dietary
manipulations (Figure 4E) but turnover was nevertheless enhanced (Figure 4F). Neonatal
parathion treatment by itself produced higher turnover values in both males and females; for
both, consumption of a high-fat diet evoked increases in the control group, thus obtunding any
further effect of parathion.

DISCUSSION
Our results provide some of the first evidence that easily-manipulated factors such as adult diet
composition, can influence the outcome of early-life exposure to a developmental
neurotoxicant, in this case, the organophosphate pesticide, parathion. In our earlier work with
developmental exposure to another organophosphate pesticide, chlorpyrifos, we identified
changes in 5HT synaptic activity and receptors indicative of “miswiring” of 5HT circuits [1,
2,5,44,45]: 5HT turnover was increased, reflecting presynaptic hyperactivity, yet at the same
time, 5HT receptors were supranormal, instead of being downregulated as would be expected
from increased 5HT levels in the synapse. 5HT-related behaviors were deficient, despite the
enhancement of both presynaptic and postsynaptic components. Here, with parathion, we also
found widespread disruption of 5HT systems akin to that seen with chlorpyrifos given during
the same developmental period. Neonatal parathion exposure evoked long-term increases in
5HT turnover in multiple brain regions, independent of changes in the 5HT concentration,
indicating that the alterations in the index of presynaptic activity were not simply compensatory
for reduced transmitter availability. This was further confirmed by the absence of reductions
in 5HTT sites, which would have been subnormal if the number of 5HT terminals had been
reduced. As with chlorpyrifos, parathion also evoked increases, not decreases in 5HT1AR and
5HT2R binding, indicating again that the presynaptic hyperactivity is accompanied by
upregulation of the corresponding postsynaptic sites. Finally, the parathion-exposed animals
also show deficient 5HT-related behaviors [52], despite presynaptic 5HT hyperactivity and
5HTR upregulation. Accordingly, it is highly likely that parathion, too, produces miswiring of
5HT circuits. What differs between the two organophosphates, though, is the time course with
which these changes emerge. With chlorpyrifos, many of the abnormalities were present as
early as adolescence and were fully established by young adulthood [2,5,44]. With parathion,
the changes take longer to emerge, with many of the changes seen here at nearly six months
of age not yet present or just commencing at three months [39]. There are important
ramifications of this dichotomy. First, it indicates that organophosphates do not simply damage
5HT projections, leading to early changes that then persist continually throughout the lifespan.
Instead, the exposures alter the trajectory of 5HT synaptic development and function, so that
adverse effects can emerge later on, thus interacting with environmental and developmental
factors that are expressed only in adolescence and adulthood. Second, this means that
interventions later in life may be able to ameliorate, exacerbate, or otherwise alter the outcome
of developmental neurotoxicant exposure. As studied here, dietary composition by itself has
potent effects on 5HT and DA function, and modulates the net effect of neonatal toxicant
exposure. Differences in diet thus represent one way in which subpopulations may be created
that are especially vulnerable or resistant to the functional consequences of early-life
organophosphate exposure.
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There is a specific rationale for exploring the effects of a high-fat diet in models of
neurodevelopmental disorders. Alterations in the lipid composition of neural membranes
affects neuronal activity, receptor and signaling function, and synaptic transmission [11,20,
22,25,32], effects that are likely to contribute to the success of a ketogenic diet in treating
intractable epilepsies [8,13,23,24], to pilot studies showing beneficial effects in attentional
disorders and autism [13,16,33], and to results in animal models of behavioral deficits [50]. In
our earlier work, we found that consumption of a high fat diet in adulthood was able to offset
most of the cholinergic synaptic deficits caused by neonatal parathion exposure [37], while at
the same time incurring metabolic liabilities [26]. In the present study, our results for the dietary
impact on 5HT synaptic defects were more diverse. For a number of the effects of parathion,
the dietary intervention did produce amelioration akin to that seen for cholinergic systems (e.g.
female frontal/parietal cortex 5HT1AR and temporal/occipital cortex 5HT2R) but for other
parameters, the diet had little or no salutary effect (e.g. frontal/parietal cortex 5HT
concentration in females and 5HT turnover in both sexes) or, in a few cases, exacerbated the
actions of parathion (e.g. DA turnover in male frontal/parietal cortex). Further, for many other
variables, the high-fat diet did reduce or eliminate the impact of neonatal parathion exposure,
but only by itself causing the same corresponding change in the affected parameter (e.g. 5HT
turnover in the hippocampus, striatum, midbrain and brainstem in males; midbrain 5HT
turnover in females); this may represent a “ceiling” effect, wherein the actions of the diet by
itself already produce maximal changes, thus masking any further effect of parathion exposure.
Indeed, this unexpected finding provides important mechanistic clues about both the effects of
neonatal parathion exposure and consumption of a high-fat diet in adulthood. If the two
interventions targeted totally separate mechanisms and pathways, then we would expect there
to be additive effects only; the fact that, when the changes caused by the high-fat diet are in
the same direction as those caused by parathion, they obtund the parathion effect, indicates
instead that the two interventions are likely to be converging on the same mechanistic
processes. In turn, this means that consumption of a high-fat diet may actually produce some
aspects of synaptic dysfunction akin to that evoked by early-life parathion exposure; future
work should explore whether this prediction holds true for behavioral outcomes as well.

Our studies showed clear-cut differences in the ability of a high-fat diet to reverse parathion-
induced deficits in cholinergic function [37], as compared to the more complex interactions
seen here for 5HT systems. Accordingly, we also performed comparable work with another
monoamine, DA, that subserves separate functions from 5HT and has dissimilar anatomical
circuitry. Despite those underlying differences, the net effects of parathion and the interaction
with the high-fat diet were distinctly similar to that of 5HT and unlike the effect seen earlier
for cholinergic pathways [37]. In earlier work with chlorpyrifos, we also pointed out similar
outcomes for 5HT and DA [2,44], as well as shared, direct effects of various organophosphates
on gene transcription related to the two neurotransmitters [41,43,46]. These findings point to
the potential for comparable effects on DA synaptic function and related behaviors, of both
early-life exposure to organophosphates and dietary interventions in adulthood. Given the
critical role played by DA in reward, one intriguing possibility is a change in susceptibility to
addictive behaviors resulting from either or both interventions. Again, this is an important
subject for future work.

In conclusion, our results indicate that neonatal parathion exposure produces lasting alterations
in the developmental trajectory of 5HT synaptic function, with effects emerging throughout
adolescence [39] and, as seen here, continuing to evolve into adulthood. Unlike the effects on
cholinergic systems [37], consumption of a high-fat diet in adulthood did not uniformly offset
the effects of parathion but instead, the dietary intervention by itself also produced changes in
a number of 5HT synaptic parameters resembling those of neonatal parathion exposure, which
then preempted any further effect of the parathion. The convergent actions of neonatal
parathion exposure and consumption of a high-fat diet in adulthood point to the real possibility
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that the explosive increase in neurodevelopmental disorders may reflect not only exposures to
neurotoxic chemicals [21], but also the neurobehavioral effects of dietary characteristics that
are common to the same, low socioeconomic level, inner-city and agricultural community
human subpopulations that are disproportionately exposed to pesticides.
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Figure 1.
5HT concentration (A,C,E) and turnover (B,D,F) in frontal/parietal cortex (A,B), temporal/
occipital cortex (C,D) and hippocampus (E,F). Data represent means and standard errors
obtained from 6-12 animals in each group. ANOVA appears at the bottom of each panel and
asterisks denote individual groups that differ significantly from the corresponding control.
Daggers indicate significant differences between controls on the high-fat diet vs. normal diet.
NS, not significant.
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Figure 2.
5HT concentration (A,C,E) and turnover (B,D,F) in striatum (A,B), midbrain (C,D) and
brainstem (E,F). Data represent means and standard errors obtained from 6 animals in each
group. ANOVA appears at the bottom of each panel and asterisks denote individual groups
that differ significantly from the corresponding control. Daggers indicate significant
differences between controls on the high-fat diet vs. normal diet. NS, not significant.
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Figure 3.
5HT1AR concentration (A,D,G), 5HT2R (B,E,H) and 5HTT binding (C,F,I) in frontal/parietal
cortex (A,B,C), temporal/occipital cortex (D,E,F) and brainstem (G,H,I). Data represent means
and standard errors obtained from 6 animals in each group. ANOVA appears at the bottom of
each panel and asterisks denote individual groups that differ significantly from the
corresponding control. Daggers indicate significant differences between controls on the high-
fat diet vs. normal diet. NS, not significant.
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Figure 4.
DA concentration (A,C,E) and turnover (B,D,F) in frontal/parietal cortex (A,B), midbrain
(C,D) and striatum (E,F). Data represent means and standard errors obtained from 6-12 animals
in each group. ANOVA appears at the bottom of each panel and asterisks denote individual
groups that differ significantly from the corresponding control. Daggers indicate significant
differences between controls on the high-fat diet vs. normal diet. NS, not significant.
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