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Abstract

Developmental exposure of rats to the organophosphate (OP) pesticides leads to altered
neurobehavioral function in juvenile and young adult stages. The current study was conducted to
determine whether effects of neonatal parathion exposure on cognitive performance persist in older
adult and aged rats, and the relationship of behavioral changes to underlying cholinergic and
serotonergic mechanisms. We administered parathion to rat pups on postnatal days 1-4, at doses
spanning the threshold for the initial signs of systemic toxicity and for barely-detectable
cholinesterase inhibition (0.1 or 0.2 mg/kg/day). Beginning at 14 months of age and continuing until
19 months, the rats were trained in the 16-arm radial maze. Controls showed the normal sex difference
in this spatial learning and memory task, with the males committing significantly fewer working
memory errors than females. Neonatal parathion exposure eliminated the sex difference primarily
by causing impairment in males. In association with the effects on cognitive performance, neonatal
parathion exposure elicited widespread abnormalities in indices of serotonergic and cholinergic
synaptic function, characterized by upregulation of 5HT receptors and the 5HT transporter, deficits
in choline acetyltransferase activity and nicotinic cholinergic receptors, and increases in
hemicholinium-3 binding to the presynaptic choline transporter. Within-animal correlations between
behavior and neurochemistry indicated a specific correlation between working memory performance
and hippocampal hemicholinium-3 binding; parathion exposure destroyed this relationship. Like the
behavioral effects, males showed greater effects of parathion on neurochemical parameters. This
study demonstrates the sex-selective, long-term behavioral alterations caused by otherwise nontoxic
neonatal exposure to parathion, with effects persisting into the beginning of senescence.
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Introduction

Over the past decade, the developmental neurotoxicity and neurobehavioral teratogenicity or
organophosphate pesticides (OPs) have been well-explored (reviews, [4,6,13,28,35,36]).
Originally, it was thought that OPs produced their effects on brain development secondarily
to their ability to inhibit cholinesterase, the mechanism that underlies their systemic toxicity
[28]. However, it is increasingly clear that these agents act as developmental neurotoxicants
through a family of mechanisms, some of which operate at exposures below the threshold for
cholinesterase inhibition [35,36]; consequently the individual OPs may differ in their net
effects on brain development and their consequent impact on behavioral performance. In a
series of studies with toxicodynamically equivalent exposures in neonatal rats, we showed that
chlorpyrifos, diazinon and parathion (PRT) all elicit behavioral abnormalities in association
with adverse effects on acetylcholine (ACh) and serotonin (5HT) circuits, but that the
underlying defects and behavioral outcomes differ among the three OPs [33,35-38,43,48,53,
58,59]. In particular, PRT exposure did not elicit the cognitive impairment noted with the other
two OPs, as evaluated in the radial-arm maze in adolescence and young adulthood, although,
it did share adverse effects on indices of ACh synaptic function [38,59],

Recently, we have pursued longitudinal assessments of the effects of developmental PRT
exposure that extend into later stages [38,41,43]. From adolescence (postnatal day PN30) to
young adulthood (PN60, PN100) to full adulthood (5 months of age), both ACh and 5HT
systems showed progressive changes in indices of synaptic activity and function rather than
reflecting a defect that simply continued unchanged from the initial, neonatal injury. This
implies that the net effect of PRT exposure is a function both of the direct action of the OP on
neurodevelopmental, as well as its effects on the subsequent trajectory of synaptic
development, superimposed on any late-occurring adaptive changes over the lifespan. In the
current study, we extended these evaluations to encompass the effects of early-life PRT
exposure on synaptic function and behavior in aging. Using the same cohort of animals as those
explored in our earlier evaluations, we tested littermates with radial-arm maze training begun
at 14 months of age, with testing continued into the start of senescence. The rats were trained
initially over a period of two months and then underwent subsequent additional training and
retesting at 16 months age and at 19 months of age.

After the end of behavioral testing, we conducted neurochemical evaluations at 20 months of
age, at the beginning of senescence. At 20 months of age, rats already show senescent
dysregulation of 5SHT synaptic function [40,45,46,52] without the neurodegeneration, synaptic
dysmorphology and neuronal loss that are present in very old rats, at the extreme of the life
span and that can obscure defects that are associated with synaptic dysfunction [23]. We
performed evaluations of multiple indices of ACh and 5HT synaptic function in brain regions
containing projections and cell bodies for each transmitter. For SHT systems, we measured
three 5SHT synaptic proteins known to be highly affected by developmental exposure to
organophosphates [1-3,43,48,49,53], the 5HT 5 and 5HT, receptors, and the presynaptic SHT
transporter (5HTT). The two receptors play major roles in 5SHT-related mental disorders,
particularly depression [5,16,63,64], and the transporter, which regulates the synaptic
concentration of 5HT, is the primary target for antidepressant drugs [21,26,27]. Similarly, for
ACh systems, we focused on three markers of ACh synaptic function that are targeted by
developmental exposure to PRT and that contribute to ACh-related behavioral impairment by
OPs [38,42,44,59]: activity of choline acetyltransferase (ChAT), cell membrane binding of
hemicholinium-3 (HC3) to the presynaptic high-affinity choline transporter, and the
concentration of a4p2 nicotinic ACh receptors (NAChRs). ChAT is the enzyme that synthesizes
ACh, and because it is a constitutive component of ACh nerve terminals, its activity provides
an index of the development of ACh projections [11,17,25,30,32,39]. Although HC3 binding
to the choline transporter is also a constituent of ACh nerve terminals, its expression is directly

Behav Brain Res. Author manuscript; available in PMC 2011 April 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Levin et al.

Methods

Page 3

responsive to neuronal activity [19,34], so that comparative effects on HC3 binding and ChAT
enables the characterization of both the development of innervation and presynaptic activity.
Last, the a4p2 nAChR is a key player in the ability of ACh systems to release other
neurotransmitters involved in reward, cognition and mood [8,9,12,14,31], and is also the most
abundant nAChR subtype in the mammalian brain [15,18,60,61].

Animal treatments

Behavior

All experiments were carried out humanely and with regard for alleviation of suffering, with
protocols approved by the Institutional Animal Care and Use Committee and in accordance
with all federal and state guidelines. Timed-pregnant Sprague-Dawley rats (Charles River,
Raleigh, NC, USA) were housed in breeding cages, with a 12-hr light/dark cycle and free access
to food and water. On the day of birth, all pups were randomized and redistributed to the dams
with a litter size of 10 to maintain a standard nutritional status. Randomization within their
respective treatment groups was repeated at intervals of several days. In addition, dams were
rotated among litters to distribute any maternal caretaking differences randomly across litters
and treatment groups. Offspring were weaned on PN21. Because of its poor water solubility,
PRT (Chem Service, West Chester, PA, USA) was dissolved in dimethylsulfoxide to provide
consistent absorption [62] and was injected subcutaneously in a volume of 1 ml/kg once daily
on PN1-4. Control animals received equivalent injections of dimethylsulfoxide vehicle, which
does not itself produce developmental toxicity [55,62]. These PRT doses were chosen because
they straddle the threshold for barely-detectable cholinesterase inhibition and the first signs of
reduced weight gain or impaired viability [42,53]. 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 [10]. We chose to dose the animals on PN1-4 because
this is a period of peak sensitivity to organophosphates and one with extensive documentation
of neurochemical and behavioral outcomes [20,33,35,36,58,59].

Rats (N=10-12/sex/treatment) began training in the radial-arm maze at 14 months of age.
During the training, rats had ad libitum access to water, with daily feeding being given after
testing; the amount of food provided maintained a lean, healthy body weight with a target of
approximately 85% of the free-feeding weight in age-matched animals. The wood maze was
painted black and was at an elevation of 30 cm above the floor, in a room with numerous visual
cues. The central platform had a diameter of 50 cm, with and 16 arms (10 x 60 cm) projecting
radially outward. Each arm contained a food cup 2 cm from the distal end. Rats were given 2
shaping sessions in which they were placed individually in a large, opaque cylinder on the
platform of the maze, given food reinforcement (halves of sugar coated cereal, Froot
Loops®, Kellogg’s, Battle Creek, MI, USA), and allowed 10 min to eat. The rats were then
trained in the radial-arm maze. The same 12 arms were baited for each rat once at the beginning
of each session to assess working memory, while the other four arms were always left unbaited
to test reference memory in subsequent sessions. The pattern of baited and unbaited arms was
consistent throughout testing for each rat but differed among rats. Each trial began by placing
the rat in an opaque cylinder on the central platform for 10 s to allow for orientation and thus
avoid introducing bias as to which arm would be entered first. The rat was then allowed to
enter any arm. The session lasted for up to 10 min, or until all 12 baited arms were entered.
Arms were baited only once and a repeated entry into a baited arm was counted as a working
memory error, whereas entrance into an unbaited arm was recorded as a reference memory
error. Latency (seconds per arm entry) was calculated as the total session time in seconds
divided by the total number of arms entered. The animals were trained for 18 sessions in the
maze, twice per week, alternating males and females, and cleaning the maze in between animals
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with a damp paper towel. In addition to the typical 18 sessions of acquisition the rats underwent
two additional six-session blocks of training with the first at 17 months of age and the second
at 19 months of age.

Behavioral testing was completed at 19 months of age, after which the animals were allowed
to remain in the home cage until 20 months of age while being maintained under the same
dietary conditions as those used during the maze-performance phase. At that point, animals
were decapitated and brain regions were dissected: the cerebellum (including flocculi) was
removed and the forebrain was separated from the hindbrain by a cut rostral to the thalamus;
the forebrain was then subdivided into frontal/parietal cortex, temporal occipital cortex,
hippocampus and striatum, whereas the hindbrain was divided into midbrain and brainstem.
All regions were flash-frozen in liquid nitrogen, and maintained at —45°C until assayed.

Neurochemistry

Determinations were made in 8 animals per sex for each treatment group. All of the assays
used in this study have appeared in previous papers [3,29,30,37,42,49,50], so only brief
descriptions will be provided here. For ACh synaptic markers, aliquots of tissue homogenates
were assayed for ChAT using 50 uM [14C]acetyl-coenzyme A (specific activity 6.7 mCi/mmol;
PerkinElmer Life Sciences, Boston, MA, USA) as a substrate and activity was determined as
the amount of labeled ACh produced relative to tissue protein. For measurements of HC3
binding, aliquots of the cell membrane fraction were incubated with 2 nM [3H]JHC3 (specific
activity, 125 Ci/mmol; PerkinElmer) with or without 10 uM unlabeled HC3 (Sigma Chemical
Co., St. Louis, MO, USA) to displace specific binding. Determinations of nAChR binding were
carried out in another aliquot, each assay containing 1 nM [3H]cytisine (specific activity 35
Ci/mmol; PerkinElmer) with or without 10 uM nicotine (Sigma) to displace specific binding.
Binding was calculated relative to the membrane protein concentration.

For 5HT markers, we used 1 nM [3H]8-hydroxy-2-(di-n-propylamino)tetralin (135 Ci/mmol,
PerkinElmer) as the ligand for the 5HT A receptor, and 0.4 nM [3H]ketanserin (63 Ci/mmol,
PerkinElmer) for the 5HT receptor. Binding to the presynaptic 5SHTT site was evaluated with
85 pM [3H]paroxetine (19.4 Ci/mmol, PerkinElmer). Specific binding was displaced by
addition of 100 uM 5HT for the 5SHT1A receptor and the SHTT site, and by 10 uM
methylsergide (Sandoz Pharmaceuticals, E. Hanover, NJ, USA) for the 5HT receptor.

Data Analysis

Data were compiled as means and standard errors. In the analysis of the behavioral data the
choice accuracy measures of working and reference memory over the course of 18 sessions of
acquisition and two six-session blocks of continued training were assessed by the analysis of
variance (ANOVA) for between subjects factors (PRT exposure and sex) and repeated
measures (memory error type and six-session block of trials). The Statview and Supernova
statistical software packages (SAS, Carey, NC) were used for the analyses. Further analyses
were conducted to follow-up interactions to determine specific effects in each sex during the
different phases of behavioral training. Response latency (seconds per arm entry) was analyzed
in a similar fashion. The log of response latency was taken before the analysis to normalize
the distribution of the data, which is typically skewed for response latency data.

We evaluated multiple neurochemical measures that were all related to ACh or 5HT synapses,
so the initial comparisons were conducted by a global ANOVA (data log-transformed because
of heterogeneous variance among regions and measures) incorporating all the variables and
measurements 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
(control, PRT 0.1 mg/kg, PRT 0.2 mg/kg), brain region, sex and measure (NAChR binding,
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ChAT, HC3 binding for ACh synapses; 5HTq receptor, SHT, receptor and SHTT binding for
5HT synapses), with the latter considered a repeated measure, since all three 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. Where permitted by the interaction terms,
individual groups that differed from control were identified with Fisher’s Protected Least
Significant Difference Test.

Significance for all tests was assumed at the level of p < 0.05. For interactions at p < 0.1, we
also examined whether lower-order main effects were detectable after subdivision of the
interactive variables [54]. The criterion for interaction terms was not used to assign significance
to the effects but rather to identify interactive variables requiring subdivision for lower-order
tests of main effects of PRT, the variable of chief interest [54]. Relationships for within-animal
neurochemical and behavioral variables were carried out by linear regression analysis.

To enable visual comparison of the effects on multiple neurochemical markers across different
brain regions, these variables are presented as the percent change from control but statistical
evaluations were conducted on the original data. Control values are given in Table 1.

The overall analysis of working and reference memory errors over the 18 sessions of acquisition
(three blocks of 6 sessions) and two retest blocks of six sessions was analyzed. The main effect
of PTN was not significant (p=0.15) with the controls averaging 12.4+0.8 errors per session,
the 0.1 mg/kg PTN group 13.2+0.6 and the 0.2 mg/kg PTN group 13.5+0.7. However there
was an interaction of PRT treatment x sex (F(2,47)=2.65, p<0.09), which triggered lower-order
testing of the main effect of sex separately in each treatment group. In controls, we saw the
normal sex difference, characterized by significantly (p<0.05) fewer errors for males than
females. PRT evoked cognitive impairment in males, characterized by significant increases in
error rates (Figure 1). In contrast, females were not significantly affected. We also found
differential effects of PRT with regard to working vs. reference memory errors (error type X
PRT x sex, p<0.08) as well as differential effects of PRT over the different test session blocks
(session block x PRT x sex, p<0.06) that were then followed by corresponding lower-order
tests of PRT effects in each sex for working and reference memory errors, as described below.

For working memory errors taken as a whole (over the entire 18 sessions of training), we found
asignificant (p<0.05) effect of sex in the vehicle-treated controls, with males committing fewer
errors than females (Figure 2A). This effect was eliminated by neonatal PRT exposure.
Comparisons of the PRT effects on memory within each sex showed that, although females
were unaffected, for males, the 0.1 mg/kg/day dose significantly increased working memory
errors relative to controls. Further, the three-way interaction of PRT x Sex x Session Block
was significant (p<0.05) and subdivision of the data revealed that the PRT effect was most
evident in the final block (sessions 13-18, p<0.0005). Controls showed substantial
improvement with training, as evidenced by a decrease in errors in the last sessions as compared
to earlier sessions; in contrast, PRT-dosed males did not show any improvement in performance
over the 18 sessions. We then examined whether, with extensive training, the PRT group could
overcome the deficits in performance. During the first retest period there was still a significant
PRT-induced impairment in males whereas females remained unaffected (Figure 2B). With
even further training, 6 additional sessions at 19 months of age, the PRT group finally
performed as well as the controls.
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With reference memory, again averaged over the 18 sessions of acquisition, there was a
significant sex effect in the vehicle-treated controls with the males making significantly
(p<0.05) fewer reference memory errors than control females (Figure 3A). In males, PRT
exposure caused significant impairments at either dose. Again, the differences were most
prominent in the last sessions (sessions 13-18), reflecting the improvement in controls, and
lack of improvement in the PRT-exposed animals. As before, no differences were seen in
females. For reference memory errors, extensive training again enabled the animals to learn
the task, as no PRT effects were seen during the two retests (Figure 3B).

We did not observe any significant effects on response latency during either acquisition or the
retests, indicating that the PRT effects on memory performance did not reflect more general
behavioral or motivational debilitation. During acquisition training the latency means were
Control=1.2940.04, PRT 0.1 mg/kg/day =1.27+0.04 PRT 0.2 mg/kg/day=1.26+0.04 log sec/
arm entry. During the retest sessions there were similarly no significant PRT associated
differences in latency.

Neurochemistry

For 5HT markers, the global ANOVA indicated a significant treatment x measure interaction
and accordingly, we subdivided the data into the three individual binding measurements and

then reexamined the results for lower-order effects of PRT treatment (Figure 4). There were

no significant effects on 5HTq A receptors but a significant increase for 5SHT, receptors as well
as for the SHTT site. The latter showed sex-selectivity, with significant differences in males

but not females.

For ACh markers, the global statistical test showed interactions of treatment x measure
(p<0.002), treatment x measure x sex (p<0.04) and treatment x measure x region (p<0.06).
Accordingly, we subdivided the data into the three measures (i.e. the strongest interaction) and
then performed lower-order evaluations for each in order to evaluate main treatment effects
and interactions with the remaining variables of region and sex. For ChAT, the multivariate
ANOVA indicated a significant overall reduction caused by neonatal PRT exposure (main
treatment effect, p<0.002) and a treatment x region interaction (p<0.007); therefore, the results
were subdivided into the six different regions (Figure 5). PRT elicited significant reductions
in ChAT in the frontal/parietal cortex, hippocampus and brainstem; in the latter region, there
was a preferential effect on males.

For HC3 binding, multivariate ANOVA indicated a significant main effect of treatment
(p<0.05), reflecting a net overall increase caused by neonatal PRT exposure, along with a
significant (p<0.05) treatment x sex interaction. Accordingly, the data were subdivided by sex
and reexamined for lower-order treatment effects (Figure 6A). Overall, the effects of PRT were
significant in males but not females, reflecting a net increase in the group receiving the higher
dose of PRT; although the lower dose produced a trend toward reduced values compared to
control, a contrast that was highly significant when compared to the increase seen at the high
dose (p<0.007). Although this relationship was seen in every individual region, we did not test
the regions separately because there was no treatment x region interaction. For nAChR binding,
ANOVA also indicated a treatment x sex interaction (p<0.02), so the same subdivisions were
examined for treatment effects (Figure 6B). Again, effects were limited to males, in this case
reflecting an overall decrease caused by neonatal PRT exposure, with individual significance
in the group receiving the lower dose of PRT; however, the lack of significance for the high
dose group should be viewed with caution, since these values were not statistically
distinguishable from the significant differences in the low-dose PRT group.

We then evaluated the relationship of neurochemical variables to performance in the radial-
arm maze, concentrating on sessions 13-18, where the effects of PRT were most evident. First,
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we performed a global test of all measures for ACh and 5HT systems as multiple regressors
(independent variables) vs. working memory errors (dependent variable). For 5SHT systems,
there was no significant correlation in either of the two brain regions (data not shown).
However, for the three ACh measures, there was a significant regression relationship, restricted
to the hippocampus: r =-0.47, p<0.02; not significant in other regions (not shown). Subdividing
the results for the three separate variables revealed that the entire correlation reflected the
relationship to HC3 binding (Figure 7A); there was no significant relationship of behavioral
performance to nAChR binding or ChAT activity (not shown). We then evaluated the
correlation of HC3 binding and working memory errors for each treatment group. Controls
showed a strong negative correlation (Figure 7B), as did the animals exposed to the low dose
of PRT (Figure 7C) but the relationship was lost at the higher dose (Figure 7D).

Discussion

In our earlier work with neonatal exposure to chlorpyrifos or diazinon, we consistently found
cognitive impairment in adolescence and young adulthood, in association with deficient ACh
synaptic function [20,35,36,58]. In contrast, neonatal exposure PRT produced no discernible
impairment of visuospatial performance during young adulthood, while nevertheless affecting
other behaviors, including greater risk taking behavior and hyperactivity [59]. The PRT-
induced cognitive impairment did emerge, but only with the progression to later adulthood and
senescence, suggesting an unveiling of subtle neural impairments with the progressive neural
decline with aging.

The effects of the other OPs typically involved the dissipation of normally-occurring sex
differences in behavior [1,20,58], precisely the effect found for PRT in the older animals in
the current study. The PRT-induced impairment seen during the initial acquisition in older
adults and during the first retest phase were eventually overcome when the affected rats were
given even more training, indicating that the impairment was not one of inability to learn the
task. It just took much more training for the affected animals to learn the task.

Visuospatial memory is highly dependent on the integrity of ACh pathways and our results for
indices of cholinergic synaptic function are entirely consonant with the behavioral findings.
We identified a defect in presynaptic ACh innervation (decreased ChAT) in regions where
ACh plays key roles in cognition, reward and other essential behaviors. These changes were
associated with a rise in HC3 binding, indicative of compensatory increases in presynaptic
ACh activity, akin to that found in Alzheimer’s Disease [7,47]. Ordinarily, there should also
be cholinergic receptor upregulation to compensate for the loss of input but in fact, we found
decreases in nNAChRs, effects that would exacerbate deficient ACh innervation. Indeed, these
defects were generally more evident in males, reinforcing their relationship to the behavioral
outcome of selective cognitive PRT-induced impairment in males. Finally, we did a within-
animal correlation of working memory errors with HC3 binding, the index of presynaptic
activity, focusing on the hippocampus, a region where ACh projections are known to provide
critical control of cognitive performance. In control animals, there was the expected negative
correlation: the higher the presynaptic ACh activity, the fewer the number of errors. With PRT
exposure, there was a progressive loss of the input-output relationship, that is, a loss of the
dependence of cognitive performance on ACh input.

The current finding is quite similar to that reported previously for effects of neonatal
chlorpyrifos, exposure, where cognitive impairment is similarly associated with the specific
loss of ACh function [20,35,36]; the difference is that the effects of chlorpyrifos are evident
in adolescence and young adulthood but with PRT, they only emerge later on, as seen here.
Indeed, comparison of the neurochemical effects of neonatal PRT exposure evaluated here in
aging animals, with the effects seen earlier in life again point to a change in the trajectory of
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development rather than an ongoing effect from the point of injury. In young adulthood through
6 months of age, neonatal PRT exposure elicits deficits in ChAT, HC3 binding and nAChR
binding with sex-selectivity for males [38,41] but the effect on HC3 binding clearly changes
over time, since the aging animals showed increases instead of decreases. It is thus evident that
the effects of neonatal PRT exposure reflect interactions with events occurring during aging
of the brain, so that the net effects differ in intensity at the various life stages, continuing into
senescence. This conclusion is reinforced by our findings for SHT systems. In our earlier work
with chlorpyrifos, we found long-term upregulation of 5SHT synaptic markers, reflecting
deficits in SHT neurotransmission resulting from “miswiring” of SHT circuits [1,3,43,49,51,
59]. With PRT, similar effects were apparent in adolescence, but waned in young adulthood,
only to reemerge by 6 months of age [43]. However, the fact that values for the specific proteins
as shown in these studies and the current one continue to shift in terms of intensity and regional
distribution between young adulthood, 6 months, and 20 months, again indicates that PRT
alters the developmental trajectory of SHT synaptic function; since 20 months is the beginning
of senescence, this suggests that early neonatal PRT exposure may alter the course of the age-
related decline in 5HT systems.

The connection between sex-selective effects of neonatal OP exposure and late-emerging
deficits in behavior and synaptic function may be connected. As shown here, after the initial
injury, the subsequent effects reflect a continuum of outcomes that shift with age and that
involve an intensification of sex differences. Many aspects of neuronal plasticity are promoted
by estrogen receptor activation [56,57], so that the female brain displays greater recovery
capabilities after injury as well as resistance to decline in senescence due to greater
neuroplasticity [22,24,56] resulting in smaller persistent effects in females than those seen in
males. If this holds true for the long-term effects of early-life exposures to developmental
neurotoxicants, then males may show greater impairment in aging, effects that could contribute
to the eventual emergence and symptomatology of neurodegenerative disorders. In general,
our studies with developmental exposure to OP pesticides show that the persisting
neurochemical and neurobehavioral impairments are more pronounced in males than females.
This may be due to greater neuroplasticity in females accommodating for the developmental
neurotoxic insult. In more modest cases, such as the neurotoxic insult caused by developmental
low-dose PRT exposure, it takes the additional neural challenge of aging to unveil the
functional impairment from subtle neural damage during dearly postnatal exposure. In this case
too, the males were at greater risk for long-term functional damage from early life exposure.

This line of research continues to demonstrate long-term cognitive impairment after
developmental exposure to OP pesticides, notably extending the results to show that further
impairments emerge well after young adulthood and at the beginning of senescence. The
continuing paring away of neural reserve with aging may unveil persisting neurotoxic effects
which may be accommodated at younger but not in older individuals. Many of the OPs are
being phased out, and while eliminating future exposures of pregnant women and children are
clearly helpful to future generations, for those already exposed, the consequences may become
more evident as aging proceeds. Because of their short lifespan, rats provide a useful model
with which to pursue the issue of how long-lasting impairments from developmental neurotoxic
exposure emerge with aging.
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Figure 1.

Effects of neonatal PRT exposure on radial-arm maze accuracy averaged over all phases of
testing, shown as mean * SE of total working + reference memory errors. Control rats showed
the normal, significant (p<0.05) sex difference for spatial memory tasks, with males having
fewer errors. In males, PRT caused significant increases in errors, erasing the sex differences.
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Figure 2.

Effects of neonatal PRT exposure on working memory performance during acquisition (A) and
subsequent retests (B), shown as mean = SE. Averaged over the 18 sessions of acquisition
training, controls showed a significant (p<0.05) sex difference, with males committing fewer
errors than females. In males, PRT caused significant increases in errors, erasing the sex
differences. PRT effects present during acquisition training (A) persisted into the first retest
period but disappeared with additional training in the second retest (B).
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Figure 3.

Effects of neonatal PRT exposure on reference memory performance during acquisition (A)
and subsequent retests (B), shown as mean + SE. Averaged over the 18 sessions of acquisition
training, controls showed a significant (p<0.05) sex difference, with males committing fewer
errors than females. In males, parathion caused significant increases in errors, erasing the sex
differences. Parathion effects present during acquisition training (A) disappeared with
additional training in the retest periods (B).

Behav Brain Res. Author manuscript; available in PMC 2011 April 2.



1duasnue Joyiny vd-HIN

Levin et al. Page 16

S5HT Markers

ANOVA: Treatment x Measure, p < 0.03

20

B f/pcx

ATt
'-'-"h.:'-f'-

percent change from control

5HT_R Bt
p <0.003
15 5HT,,R 2 Treatment x Sex, p < 0.04
(NS) p < 0.0002 Male, p < 0.0004
PRT 0.2, p < 0.0001 Formale, NS
-20 1 1 1 1 ] 1 1 1 1 1 1 1 1
- o~ — ~ - ~ - N - N - N
Sg oo 2 S22 Sg oo s S22 Se oo 2 S8
= = = = = = = = = = = =
¥ E IE mg qu, xE xE m% EQE) rxE xE ncg ucg
o o oY aow o o o+ aw o o ov ov
Figure 4.

Effects of neonatal PRT exposure on 5HT synaptic markers. Data represent means + SE,
presented as the percent change from control values (Table 1). The result of the global ANOVA
is shown at the top of the panel, with lower-order tests shown within the panel for each measure.
Because there were no interactions of treatment x region, individual tests for each region were
not conducted and only main effects are shown. Abbreviations: f/p cx, frontal/parietal cortex;
mb, midbrain; NS, not significant.
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Choline Acetyltransferase Activity
ANOVA: Treatment, p < 0.002; Treatment x Region, p < 0.007
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Figure 5.

Effects of neonatal PRT exposure on brain ChAT activity. Data represent means + SE,
presented as the percent change from control values (see Table 1). The significant results of
the multivariate ANOVA are shown at the top of the panel, with lower-order tests for each
region shown below the panel. Where there was no interaction of treatment x sex, only main
effects are shown; in the brainstem, which did show a treatment x sex interaction, asterisks
denote individual values that differ from the corresponding control. Abbreviations: f/p cx,
frontal/parietal cortex; t/o cx, temporal/occipital cortex; hp, hippocampus; str, striatum; mb,
midbrain; bs, brainstem.
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Figure 6.

Effects of neonatal parathion exposure on (A) HC3 binding to the presynaptic, high-affinity
choline transporter, and (B) nAChR binding. Data represent means + SE, presented as the
percent change from control values (Table 1). The results of multivariate ANOVA are shown
at the top of each panel; because of the treatment x sex interactions, values were subdivided
into the individual treatments for males and females before performing lower-order tests,
shown below the panel. Because there were no interactions of treatment x region, individual
tests for each region were not conducted and only main effects are shown. Abbreviations: f/p
cx, frontal/parietal cortex; t/o cx, temporal/occipital cortex; hp, hippocampus; str, striatum;
mb, midbrain; bs, brainstem; NS, not significant.
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Correlation between hippocampal HC3 binding and mean working memory errors for sessions
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13-18: (A) all treatment groups, (B) controls, (C) parathion 0.1 mg/kg and (D) parathion 0.2

mg/kg).
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