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Organophosphates (OPs) are among the most used pesti-
cides. Although some OPs have had their use progressively more
restricted, other OPs are being used without sufficient investiga-
tion of their effects. Here, we investigated the immediate neuro-
chemical and delayed neurochemical and behavioral actions of the
OP methamidophos to verify whether there are concerns regard-
ing exposure during early postnatal development. From the third
to the nineth postnatal day (PN), Swiss mice were sc injected with
methamidophos (1 mg/kg). At PN10, we assessed cholinergic and
serotonergic biomarkers in the cerebral cortex and brainstem.
From PN60 to PN63, mice were submitted to a battery of behav-
ioral tests and subsequently to biochemical analyses. At PN10, the
effects were restricted to females and to the cholinergic system:
Methamidophos promoted increased choline transporter binding
in the brainstem. At PN63, in the brainstem, there was a decrease
in choline transporter, a female-only decrease in SHT,, and a
male-only increase in SHT, receptor binding. In the cortex, choline
acetyltransferase activity was decreased and SHT, receptor bind-
ing was increased both in males and females. Methamidophos elic-
ited behavioral alterations, suggestive of increased depressive-like
behavior and impaired decision making. There were no significant
alterations on anxiety-related measures and on memory/learning.
Methamidophos elicited cholinergic and serotonergic alterations
that depended on brain region, sex, and age of the animals. These
outcomes, together with the behavioral effects, indicate that this
OP is deleterious to the developing brain and that alterations are
indeed identified long after the end of exposure.

Key Words: organophosphate; AChE; ChAT; serotonin; mood
disorders; depression; development.

Organophosphates (OPs) are among the most widely used
class of pesticides in the world (FAOSTAT, 2010; Terry,

2012). The effects of exposure to high levels of OPs are well
documented and mainly involve irreversible inhibition of the
enzyme acetylcholinesterase (AChE), causing an accumulation
of acetylcholine in synaptic clefts and, consequently, choliner-
gic hyperstimulation (Mileson et al., 1998). However, when the
doses of exposure and AChE inhibition are low, the effects in
other neurotransmitter systems may prevail and each pesticide
in this class may substantially differ in their effects on brain
function (Aldridge et al., 2005a; Gupta, 2004; Pope, 1999;
Timofeeva et al., 2008). Subchronic or chronic exposures to
doses devoid of systemic toxicity are more common in real life
than acute exposure to high doses, making the former kinds of
exposure a necessary topic of investigation.

Extensive evidence indicates that the developing brain is
more vulnerable to OP exposure in that neurodevelopmental
effects occur at doses below the threshold for systemic toxicity
or even for AChE inhibition (Flaskos, 2012; Slotkin, 2004).
During the “brain growth spurt,” which, in rodents, comprises
the first 10 days of postnatal life (Bayer et al., 1993; Clancy
et al., 2007; Quinn, 2005), the brain is highly vulnerable to
several neurotoxic agents (Dribben et al., 2011; Nunes et al.,
2011; Nunes-Freitas et al., 2011; Pohl-Guimaraes et al., 2011)
including OPs (Aldridge et al., 2003, 2005a; Slotkin and Seidler,
2007, 2008). This susceptibility is thought to be due to events
such as intense dendritic arborization, synaptogenesis, and
the migration of multiple neuronal populations in most brain
regions (Bandeira et al., 2009; Dobbing and Sands, 1979). It is
also the period of entry of cholinergic fibers into the cortex and
the period within which the expression of major components
of the cholinergic system peak in several brain regions (for
review: Abreu-Villaga er al., 2011; Dwyer et al., 2008).
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It has been demonstrated that exposure to OPs such as
diazinon, parathion, chlorpyrifos, and dichlorvos during the
perinatal period elicits widespread abnormalities in indices
of cholinergic, dopaminergic, and serotonergic (SHT) syn-
aptic function (Aldridge et al., 2005b; Levin et al., 2010;
Slotkin and Seidler, 2007, 2008; Slotkin et al., 2006b,
2008c), which are known to promote behavioral changes
later in life (Ahlbom et al., 1995; Aldridge et al., 2005a;
Dam et al., 2000; Levin et al., 2010; Slotkin et al., 2001).
Accordingly, some OPs have suffered severe restrictions in
several countries such as United States (U.S. EPA, 2002) and
Brazil (ANVISA, 2004). Despite that, several other OPs are
still used, mostly in developing countries (FAOSTAT, 2010),
without sufficient investigation of their effects. One such
case is the OP methamidophos. Its use has been restricted
in several countries (ANVISA, 2011; Rotterdam Convention,
2010a), but it is still extensively used and, in fact, its use has
been increasing in the last few years (Rotterdam Convention,
2010b). In our previous studies that investigated the effects
of methamidophos at adulthood, we detected behavio-
ral changes associated with depression (Lima et al., 2009)
and changes in neurochemical markers of serotonin func-
tion (Lima et al., 2011) at exposure levels that caused low
cholinesterase inhibition (15%) and even after recovery of
cholinesterase activity. These results indicate that methami-
dophos is able to cause damage to the mature nervous system.
However, we do not know whether exposure during critical
periods of development elicits similar changes.

Accordingly, here we sought to achieve two main objec-
tives. The first one was to investigate the immediate neuro-
chemical actions of early methamidophos exposure on the
cholinergic and serotoninergic systems to clarify its inter-
ference on brain processes, particularly during the “brain
growth spurt.” The second objective was to investigate the
effects at adulthood, so as to verify whether there are con-
cerns regarding long-term and/or late-emergent neurochemi-
cal alterations. We further extended our study to include a
battery of behavioral tests at adulthood to verify whether
our exposure protocol resulted in functional alterations. We
hypothesize that methamidophos exposure would produce
immediate and late-emergent cholinergic and serotoner-
gic alterations in the brain, as well as behavioral effects at
adulthood. To test this hypothesis, mice were subchronically
exposed to methamidophos from the third to the ninth post-
natal day. Both by the end of exposure and at adulthood, to
analyze the cholinergic system, we assessed the binding of
hemicholinium-3 to the high-affinity presynaptic choline
transporter (Ch transporter) and the activities of choline
acetyltransferase (ChAT) and AChE. For the serotonergic
system analysis, we assessed the binding to the SHT , and
SHT, receptors, as well as the binding to the presynaptic SHT
transporter. The analyses of the cholinergic and serotonergic
systems were performed in the cerebral cortex and brainstem.
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The cerebral cortex contains major cholinergic and seroton-
ergic projections, and the brainstem, in addition to dendritic
arbors, contains the majority of the cholinergic and seroton-
ergic cell bodies of pathways that ascend into the cerebral
cortex, hippocampus, and other regions involved in affective
disorders and cognition. Considering the relevant association
between these neurotransmitter systems, cognitive function,
and mood disorders, we chose the following tests to evaluate
the behavior of methamidophos-exposed mice at adulthood:
The anxiety-like behavior was assessed through the use of
the elevated plus maze (EPM) and open field (OF) tests, the
depressive-like behavior was evaluated through the forced-
swimming test, the step-down passive avoidance test investi-
gated memory and learning, and the time spent in the center
of the EPM was used to assess decision making.

MATERIALS AND METHODS

All experiments were carried out under institutional approval of the Animal
Care and Use Committee of the Universidade do Estado do Rio de Janeiro
(CEUA/006/2011), in accordance with the declaration of Helsinki and with
the Guide for the Care and Use of Laboratory Animals as adopted and prom-
ulgated by the National Institutes of Health. All Swiss mice were bred and
maintained in a temperature-controlled vivarium on a 12:12-h light/dark cycle
(lights on at 1:00 a.m.). Access to food and water was ad lib. After mating,
each female mice was placed in an individual cage with free access to water
and food until delivery.

Methamidophos Dose Selection

Previous studies have found that developmental exposure to OPs such as
chlorpyrifos, diazinon, and parathion, resulting in up to 20% reduction of
ACHE activity 1 day postexposure, differentially target distinct neurotransmit-
ter systems and behaviors in the developing and adult brain of rodents (Slotkin
and Seidler, 2007; Slotkin et al., 2006b, 2008c, 2009). In order to find a com-
parable dose of methamidophos, 63 animals from 11 litters were submitted
to daily sc injections of methamidophos (1 ml/kg, on the hindquarters) from
postnatal day (PN)3 to PN9. Control mice (CT) received dimethyl sulfoxide
(DMSO) as vehicle. For each litter, offspring were distributed into four groups:
higher dose (HighD, 3 mg/kg), intermediate dose (IntD, 1 mg/kg), lower dose
(LowD, 0.25mg/kg), and CT. No more than one male and one female from
each litter were assigned to each group.

Mice were sacrificed at PN10 (24-26h after the last injection), the brains
were dissected, and the regions of interest were immediately frozen and stored
at —45°C for later analysis of AChE activity. Dissection was performed by a
cut through the cerebellar peduncles, whereupon the cerebellum (including
flocculi) was lifted from the underlying tissue. The cerebral cortex (forebrain
with removal of the hippocampus) was separated from the brainstem (midbrain
+ pons + medulla) by a cut made rostral to the thalamus. AChE activity was
measured by the spectrophotometric mode described by Ellman ef al. (1961).
The cerebral cortex and the brainstem of each animal were weighed and
homogenized to approximately 90 mg/ml in sodium phosphate buffer (0.12M,
pH 7.6) using a homogenizer Ultra-Turrax T10 basic (IKA, Sao Paulo, Brazil).
Each assay contained 0.1 ml of diluted homogenate in a total volume of 1.16 ml,
with final concentrations of 102mM of sodium phosphate buffer (pH 7.6),
0.3mM of 5,5-dithiobis(2-nitrobenzoic) acid, and ImM of acetylthiocholine
iodide. Immediately after the addition of tissue, the duplicates were read at
412nm in kinetic mode every 30 s during 2min. Blank absorbances were
subtracted from the final readings. To get the values of AChE activity in nmols/
min, we used a previously built standard curve of L-cysteine. The activity was
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determined relative to tissue protein. Proteins were measured by bicinchoninic
acid (BCA) protein assay.

As described in the Results section, the IntD of methamidophos (1 mg/kg)
elicited approximately 20% inhibition of AChE in the brain. Accordingly, for
the next experiments, offspring from each litter was exposed either to this dose
of methamidophos (MET group) or to vehicle (CT group). To further evaluate
whether, during the period of exposure, methamidophos elicited higher levels
of AChE inhibition, separate groups of mice received the IntD of methami-
dophos or vehicle and were sacrificed either 1 or 4h after the first (PN3, three
litters, n = 24) or last (PN9, four litters, n = 24) injection. At each age, male and
female mice were distributed into two treatment groups (CT and MET) and two
time points (1 and 4h). As described in the Results section, AChE inhibition
ranged from 29 to 50% at PN3 and from 52 to 67% at PNO.

Evaluation of Neurochemical and Behavioral Effects
of Methamidophos

Time Line of the Experiments

One hundred mice from 19 litters were used in this set of experiments. Each
litter was distributed into either MET or CT groups. Daily exposure extended
from PN3 to PN9. Body weights were measured daily during the period of
exposure. Thirty-two animals were sacrificed at PN10. The brains were dis-
sected as described above, and the cerebral cortex and brainstem were imme-
diately frozen and stored at —45°C for later biochemical analysis. Sixty-eight
mice were maintained in the vivarium until adulthood, at which time they were
submitted to a battery of behavioral tests from PN60 to PN63 and subsequently
sacrificed. From these, 32 had the brains dissected and stored for later analysis.
No more than one male and one female from each litter were assigned to each
treatment group/age.

Evaluation of Cholinergic and Serotonergic Systems

At PN10 and PN63, we evaluated three cholinergic and three serotonergic
biomarkers. Regarding the cholinergic system, we evaluated ChAT activity,
the binding of [*H]hemicholinium-3 to the Ch transporter, and AChE activ-
ity. ChAT, the enzyme that catalyses acetylcholine biosynthesis, is a consti-
tutive marker for the cholinergic system, which reflects the concentration of
cholinergic nerve terminals. Accordingly, ChAT increases during cholinergic
synaptogenesis but does not change in response to stimuli that alter cholinergic
neuronal activity (Aubert et al., 1996; Happe and Murrin, 1992; Zahalka et al.,
1992). In contrast, the Ch transporter is responsive to neuronal activity (Klemm
and Kuhar, 1979; Simon ef al., 1976); moreover, because acetylcholine synthe-
sis and release depend on the availability of choline, these events are indirectly
dependent on the functionality of the transporter and AChE (for review: Ribeiro
et al., 2006). For the serotonergic system analysis, we chose to assess the bind-
ing to the SHT|, and SHT, receptors and the binding to the SHT transporter.
The function of these receptors is particularly important during the neonatal
period due to their role in modulating both neuronal and glial proliferation and
maturation (for review: Azmitia, 2001). In addition, these two receptors play
major roles in SHT-related mental disorders, especially depression (Arango
et al., 2001; Fujita et al., 2000), whereas the presynaptic SHT transporter is the
primary target for antidepressant drugs (Maes and Meltzer, 1995; Nemeroff,
1998; Nutt, 2002).

Tissues were thawed and homogenized in ice-cold S0mM Tris (pH 7.4).
Aliquots of this homogenate were withdrawn for measurements of total pro-
tein, ChAT, and AChE activities. The remaining homogenate was then sedi-
mented by centrifugation at 39,000 x g for 15 min. The pellet was resuspended
in the original volume of buffer and resedimented, and the resultant pellet was
resuspended in % of the original volume using a smooth glass homogenizer
fitted with a Teflon pestle. Aliquots of this last resuspension were withdrawn
for measurements of binding to the Ch transporter, SHT,, and SHT, recep-
tor binding, SHT transporter binding and for membrane protein. Proteins
were measured by BCA protein assay. All assays have been described in
detail in previous articles (Abreu-Villaga et al., 2003, 2004; Lima et al., 2011;
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Nunes-Freitas et al., 2011; Ribeiro-Carvalho et al., 2008, 2009) and will there-
fore be presented briefly. At PN60, AChE activity measurements came from the
same homogenate used for the ChAT and total protein, whereas at PN10, the
AChHE activity assay was run in a separate group of mice, as described in the
Methamidophos dose selection section.

ChAT activity. Assays contained tissue homogenate diluted in phosphate
buffer (pH =7.9) and a mixture with final concentrations of 200mM NacCl,
17mM MgCl,, ImM EDTA, Triton X-100 0.2% in buffer, 0.12mM physostig-
mine, 0.6 mg/ml bovine serum albumin, 20mM choline chloride, and 50mM
[14C]acetyl-coenzyme A. Triplicate samples from each homogenate were pre-
incubated for 15 min at 4°C and then incubated for 30 min at 37°C. Under these
conditions, the enzymatic reaction took place and ChAT catalyzed the synthe-
sis of acetylcholine. Labeled acetylcholine was then extracted and the activity
determined relative to tissue protein.

High-affinity choline uptake. 1t was assessed with the binding of [*H]
hemicholinium-3 to the presynaptic high-affinity choline transporter. The bind-
ing of [*H]hemicholinium-3 was determined using a final ligand concentra-
tion of 2nM in the membrane fraction; incubations lasted for 20 min at 20°C
in a buffer consisting of 10nM NaKHPO,/150nM NaCl (pH 7.4), and unla-
beled hemicholinium-3 (20uM) was used to displace specific binding for the
cholinergic transporter. Incubations were stopped by the addition of excess of
ice-cold incubation buffer, and the labeled membranes were trapped by rapid
vacuum filtration onto glass fiber filters that were presoaked in 0.15% polyeth-
yleneimine. The filters were then washed with incubation buffer, and radiola-
beling was determined. Data were obtained by calculating the specific binding
per milligrams of membrane protein.

Serotonin receptors and transporter. The SHT receptors binding was
evaluated by using two radioligands: 1nM [*H]8-hydroxy-2-(di-n-propylamino)
tetralin for SHT,, receptors and 0.4nM [*H]ketanserin for SHT, receptors.
Binding to the presynaptic SHT transporter was evaluated with 85pM [*H]
paroxetine. For SHT,, receptors, incubations lasted for 30min at 25°C in a
buffer consisting of 50mM Tris (pH 8), 0.5mM MgCl,, and 0.5mM sodium
ascorbate; 100uM SHT was used to displace specific binding. For SHT, recep-
tors, incubations lasted for 15min at 37°C in 50nM Tris (pH 7.4) and specific
binding was displaced with 10pM methysergide. For binding to the presynaptic
SHT transporter, incubations lasted for 120min at 20°C in a buffer consist-
ing of 50mM Tris (pH 7.4), 120mM NaCl, and 5SmM KCI; 100uM SHT was
used to displace specific binding. Incubations were stopped by the addition of
excess of ice-cold incubation buffer, and the labeled membranes were trapped
by rapid vacuum filtration onto glass fiber filters that were presoaked in 0.15%
polyethyleneimine. The filters were then washed with incubation buffer, and
radiolabeling was determined. Data were obtained by calculating the specific
binding per milligrams of membrane protein.

Behavioral Tests

From PN60 to PN63, mice were submitted to the four behavioral tests
described below. Due to the presence of technical problems with the video data
in some of the tests, the sample size used for the quantitative analysis (indicated
between parentheses) varied from test to test. On the first day, anxiety levels
and decision making were assessed through the use of the EPM (n = 67). This
test was performed between 2:00 and 4:00 p.m. On the next day, mice were
submitted to the OF test (n = 63) in the morning (between 09:00 and 11:00
a.m.) and to the forced swimming test (n = 48) in the afternoon (between 2:00
and 4:00 p.m.). The OF was used to assess both locomotor activity and anxiety
levels, whereas the forced swimming investigated the depressive-like behavior.
Finally, memory and learning was assessed in the morning of the fourth day of
testing through the use of the step-down passive avoidance test (n = 68). Because
the EPM and forced swimming tests are classically used to investigate emotional
reactivity, both tests were performed in the same period of the circadian cycle
of the mice (dark phase). The other tests were performed in the light phase. All
behavioral tests were performed in a testing room next to our vivarium and with
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lights on (60W fluorescent light bulb, 3 m high). All animals were allowed to
habituate for 10 min in the testing room before each behavioral test.

EPM. The anxiety-like behavior was initially investigated by using the EPM
test. The test procedure is described in detail elsewhere (Abreu-Villaga et al.,
2008). The EPM is shaped like a plus sign and consists of two “open” (no walls,
5x%28.5cm) and two “closed” (5x28.5x14cm) arms, arranged perpendicularly
and elevated 50cm above the floor. The test began with the animal being placed on
the center of the equipment, facing a closed arm. Each test lasted 10min in a sound
attenuated room. All tests were videotaped, and the percentage of time spent in the
open arms (%Time OA: the time spent in open arms divided by time spent in open
+ closed arms) and the percentage of open arms entries (%Entries OA: the num-
ber of entries in open arms divided by number of entries in open + closed arms)
were used as anxiety measures (Rodgers and Dalvi, 1997). Increased %Time OA
and/or %Entries OA correspond to decreased anxiety-like behavior and vice versa
(Rodgers and Dalvi, 1997). The number of closed arms entries (Entries CA) was
used as a measure of activity, and the time spent in the center of the maze (Time
Cen) was used as a measure of decision making (Fraga et al., 2011; Rodgers et al.,
1997). All the variables were scored using the video images of the tests.

OF. The OF arena consists of an transparent acrylic box (46cm length x
46cm width x 43 cm height) that was equipped with 2 arrays of 16 infrared
beams each, positioned at 1.5 cm above the floor to measure horizontal sponta-
neous locomotor activity. Interruptions of photocell beams were detected by a
computer system, and the location of the animal was calculated by the software
with a 0.1-s resolution. Each mouse was individually placed in the center of
the arena, and spontaneous locomotor activity was determined. Total ambula-
tion (Ambulation OF) was quantified on the basis of the traveled distance. In
addition, considering that measures of central exploration are often regarded as
anxiety-related indices (Filgueiras et al., 2009; Prut and Belzung, 2003), the
time spent in the center (Time Cen OF) was used as a measure of anxiety-like
behavior. Increased Time Cen OF corresponds to decreased anxiety-like behav-
ior and vice versa (Filgueiras et al., 2009; Prut and Belzung, 2003).

Forced swimming test. Each mouse was submitted to a 10-min forced
swimming testing (FST) session. The test procedure is described in detail else-
where (Filgueiras et al., 2006). Briefly, each mouse was placed in a plastic
container (diameter = 21 cm, height = 23 cm) filled with 16 cm of water at about
25°C. The animal’s behavior was continuously recorded throughout the test-
ing session with an overhead video camera. Animals were considered to be
immobile when they remained floating with all limbs and tail motionless. The
time the animals spent in this condition was considered to be the measure of
immobility (Immob Time) and was used as depressive-like measure. Increased
Immob Time corresponds to increased depressive-like behavior.

Step-down passive avoidance test. The test apparatus contained one
chamber, 25x25x25cm (length x width x height). The test procedure is
described in detail elsewhere (Abreu-Villaga et al., 2013). Mice were submit-
ted to two testing sessions: Initially, in a training/acquisition session, subjects
were placed in a circular platform (diameter = 6.5cm) and allowed up to 3 min
to descend from it, whereupon they received a mild foot shock (0.3 mA/3 s).
Three hours later, the animals were retested and allowed up to 3 min to descend
from the platform (shock was not administered). The latency (L) to descend
from the platform on the first (L0O) and second (L3) sessions was registered. The
learning/memory component of the passive avoidance task is expressed as an
increase in the time the animal takes to descend from the platform from the first
to the second session. Therefore, in order to visualize more clearly differences
between groups, the learning/memory component of the task was evaluated by
calculating a memory/learning index as follows: (L3 — LO)/LO.

Materials

Radioisotopically labeled compounds came from PerkinElmer Life Sciences
(Boston, MA): [“C] Acetyl-CoA (specific activity, 4.0 Ci/mmol), [*H]hemicho-
linium-3 (specific activity, 170 Ci/mmol), [*H]8-hydroxy-2-(di-n-propylamino)
tetralin (specific activity, 170.2 Ci/mmol), [*H]ketanserin (specific activity, 67.0
Ci/mmol), and [*H]paroxetine (specific activity, 24.4 Ci/mmol). Sigma Chemical
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Co. (St Louis, MO) was the source for bovine albumin, BCA kit, eserine hemisul-
fate salt, 3-heptanone, sodium tetraphenylborate, Triton X-100, methamidophos,
serotonin, acetyltiocholine, methylsergide, and polyethyleneimine. VETEC
Quimica Fina Ltda (Rio de Janeiro, RJ) was the source for all other reagents.

Statistical Analysis
AChE Activity

At PN10, the data were evaluated by ANOVA. Dose (HighD, IntD, LowD,
and CT), Brain Region (cerebral cortex and brainstem), and Sex were used as
between-subject factors. At PN3, PN9 (1 and 4h after injection) and PN63,
separate ANOVAs on all factors—Treatment (MET and CT), Brain Region
(cerebral cortex and brainstem), and Sex—were carried out. For PN3 and PN9
data, Time (1 and 4 h after injection) was also a factor in the analysis.

Body Weight

A repeated-measures ANOVA (rANOVA) was carried out. Treatment (MET and
CT) and Sex were used as factors. Day (PN3-PN9) was considered the within-subject
factor. Within each treatment, animals from the same litter were considered as n = 1.

Cholinergic and Serotonergic Markers

Results were evaluated first by two rANOVAs on all factors: Treatment
(MET and CT), Brain Region (cerebral cortex and brainstem), Age (PN10
and PN63), and Sex. For the first rANOVA, cholinergic measures (ChAT and
Ch transporter) were considered the within-subject factor. For the second
rANOVA, serotonergic measures (SHT1 , receptor, SHT2 receptor, and SHT
transporter) were considered the within-subject factor.

Behavioral Tests

Results were evaluated by ANOVAs. Treatment (MET and CT) and Sex
were used as between-subject factors. For the elevated plus maze, EPM meas-
ures (%Time OA and %Entries OA) were considered the within-subject fac-
tor. Separate ANOVAs on Entries CA and Time Cen were carried out. For the
open field, OF measures (Ambulation OF, Time Cen OF) were considered the
within-subject factor. For the FST, an ANOVA on Immob Time was carried
out. For the passive avoidance, an ANOVA on the (L3 — L0O)/LO index was
carried out.

Whenever the ANOVAs indicated treatment effects that differed among
the different within-subject factors, brain regions, ages, and/or sexes, data
were then re-examined separately using lower order ANOVAs. All data were
compiled as means and standard errors. Data were log transformed whenever
variance was heterogeneous. All statistical results were described in the
Results section. However, to avoid repetition, only results from the lower
order tests were provided in the figures. Figures were segmented by sex only
when significant Treatment x Sex interactions were observed. Significance
was assumed at the level of p < 0.05 for main effects; however, for interactions
at p < 0.1, we also examined whether lower order main effects were detectable
after subdivision of the interactive factors (Snedecor and Cochran, 1967).
The criterion for interaction terms was not used to assign significance to
the effects but rather to identify interactive factors requiring subdivision for
lower order tests of main effects of Treatment, the factor of chief interest
(Snedecor and Cochran, 1967). The effects of MET exposure were presented
as the percentage change from the corresponding CT group, but statistical
evaluations involved only the original data; for reference, the CT values for all
variables are provided in Table 1.

RESULTS

Methamidophos Dose Selection (Table 2)

The ANOVA on all factors (Dose, Brain Region, and Sex)
identified a dose-dependent increase in inhibition of AChE at
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TABLE 1
Control Values for Cholinergic and Serotonergic Biomarkers and for Behavioral Measures
Cortex
PN10 PN60
Female Male Combined Female Male Combined
AChE 295.0+24.0 292.2+9.2 293.2+9.6 840.9+26.1 795.1+£23.8 819.5+18.2
ChAT 0.23+0.02 0.22+0.01 0.22+0.01 1.40+0.05 1.26+0.06 1.33+0.04
ChT 43.4x1.6 44215 43.8+1.1 103.5+£4.6 111.2£3.7 107.3£3.0
SHT,, 32.8+2.8 27.2+0.6 29.7+1.6 45.3+0.8 394+1.1 42.3+1.0
SHT, 29.3+1.5 23.2+0.9 259+1.3 59.6+1.7 56.4+2.0 58.0+1.3
SHTT 139.3+3.6 141.1+£7.6 140.3+4.3 183.2+5.3 172.0£7.2 177.6+4.5
Brainstem
PN10 PN60
Female Male Combined Female Male Combined
AChE 432.7£16.7 385.9+4.9 401.5+£8.5 100.5£3.5 97.5+2.2 98.9+2.0
ChAT 0.45+0.01 0.47+0.03 0.46+0.02 0.63+0.02 0.57+0.02 0.60+0.02
ChT 345+1.5 419+1.4 38714 24.3+0.6 25.6+0.5 25.0+£0.4
SHT]A 129+1.2 14.7+0.7 14.1+£0.7 23.2+0.7 22.1+0.7 22.7+0.5
SHT, 27.7+3.0 26.7+2.1 27.0+1.7 7.5+0.2 49+04 6.2+04
SHTT 211.4+5.4 219.7+13.1 216.9+8.7 109.6+4.3 108.7x4.6 109.2£3.1
Behavior
Female Combined
EPM %Time OA 41+1.2 2.8+0.7
%Entries OA 10.5+£2.9 8.6x1.8
Time Cen 82.8+10.9 82.5+£9.7 82.6+7.2
Entries CA 9.6+1.2 9.2+0.7
OF Ambulation OF 1716.9£149.7 1830.5+151.8 1763.2+106.7
Time Cen OF 32.4+45 31.3+6.3 31.9+3.6
FST Immob Time 7.8+4.6 22.9+8.5 15.7+£5.2
PA (L3 - LOY/LO 2.3+0.7 1.9+0.5

Note. Neurochemical biomarkers: AChE (nmoles/min/mg protein); ChAT (fmol/mg protein/min); ChT, SHT1A, SHT2, and SHTT (fmol/mg protein). Behavioral
measures: Time Cen (s); Ambulation (cm); Immob Time (s). PA, passive avoidance test; % Time OA, percentage of time spent in the open arms; %Entries OA,
percentage of entries in the open arms; EntriesCA, number of entries in the closed arms; Time Cen, time spent in the center; Ambulation, traveled distance; Immob

Time, immobility time; (L3 — L0)/L0, memory/learning index.

PN10 (Dose: F, ,, =61.0, p <0.001). The IntD and HighD elic-
ited significant inhibition compared with the CT group in the
brainstem and cortex (p < 0.001 for all comparisons), whereas
the LowD elicited a significant inhibition only in the brainstem
(p = 0.005). The IntD produced 20.0% of AChE inhibition
in the cerebral cortex and 18.7% inhibition in the brainstem.
There were no differences in AChE inhibition between males
and females. Accordingly, the IntD of methamidophos was
chosen to be used in the next set of experiments, in which other
aspects of the cholinergic system, the serotonergic system, and
animals behavior were evaluated.

The analysis of AChE inhibition 1 or 4 h after the first (PN3)
or last (PN9) injection of the IntD of methamidophos elicited
higher levels of AChE inhibition during the period of exposure.
At PN3 and PN9, the ANOVASs on all factors (Treatment, Brain

Region, Time, and Sex) indicated that methamidophos elicited
comparable inhibition in both brain regions, at the two moments
after injection and in both sexes (PN3—Treatment: F, ,,="76.5,
p <0.001; PN9—Treatment: Fl,32 =43.9,p<0.001). At PN3, in
the cerebral cortex, AChE inhibition was of 43.4% 1h after the
first injection and 41.6% 4h after the first injection (p < 0.01
for both comparisons). In the brainstem, 1h after the injection,
the mean inhibition was of 29.3% and reached 50.2% at 4h
(p <0.01 and p < 0.001, respectively). At PN9, 1h after the last
injection, AChE inhibition in the cerebral cortex was of 53.8%
and reached 67.2% at 4h (p < 0.01 for both comparisons).
In the brainstem, AChE inhibition was of 52.3% 1h after the
last injection and 53.5% 4h after the injection (p < 0.001 and
p < 0.01, respectively).
ACHhE activity had returned to control levels at adulthood.
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TABLE 2
Acetylcholinesterase Activity During Methamidophos Dose Selection (sc Injected) and at Different Time Points After the
Selection of the IntD for the Remainder of the Study

Dose selection (AChE inhibition at PN10)

LowD IntD HighD
Cortex -3.5+3.1 —19.9+1.7%%* —33.4+1.6%%*
Brainstem —9.8+£2.9%* —18.7+£2.3%%* —26.2+2.1#%*

AChE inhibition using the IntD
PN3 (first injection) PNO (last injection)

1h after injection 4h after injection 1 h after injection 4h after injection PN63 (adulthood)

Cortex —43.4£6.6%* —41.6£4.3%* —-53.8+£10.3%* —67.2£6.8%* -4.5+2.1

Brainstem —29.3+7.6%* —50.2+3.6%%* —52.3 £ 5.4%%% —53.5£3.6%* -3.1x2.7

Note. Data presented as percent change from control values. Bold indicates the dose chosen to be used in the next set of experiments. HighD (3 mg/kg), IntD

(1 mg/kg), LowD (0.25 mg/kg).
*#p < 0.01, ***p < 0.001, versus respective control group.

Effects on Body Mass (Fig. 1)

Body mass significantly increased throughout the exposure
period (Day: F o3 = 927.1; p < 0.001). However, the rANOVA
did not indicate significant Treatment effects or interactions.

Overall Analysis of Cholinergic and Serotonergic
Biomarkers

The rANOVA across cholinergic biomarkers (ChAT and Ch
transporter), treatments, brain regions, ages, and sexes identi-
fied interactions of Treatment x Age (F L = 4.2; p = 0.04),
Treatment x Cholinergic measure x Sex (F L = 4.9; p =0.03),
and Treatment Xx Cholinergic measure x Region x Age
(F a2 = 2.9; p = 0.09). The rANOVA across the serotonergic
biomarkers (SHT,, receptor, SHT, receptor, and SHT trans-
porter), treatments, brain regions, ages and sexes identified

interactions of Treatment x Age x Sex (F Lite = 3.8; p = 0.05),
Treatment x Region x Age x Sex (me = 3.3, p = 0.07),
Treatment x Serotonergic measure (F = 4.3, p = 0.02),

Treatment x Serotonergic measure X Azgéxx Sex (F, 5 = 2.9;
p = 0.05), and Treatment x Serotonergic measure X Region x
Age x Sex (F. — 3.7; p = 0.03). Given the interactions, identi-
fied in both rANOVAs, we separated the data into the individual
cholinergic and serotonergic measures, brain regions, and ages
and then re-examined the results. After subdividing the data, we

kept the factor Sex in the analysis.

Effects on the Cholinergic and Serotonergic Systems During
Early Postnatal Development (Fig. 2)

Methamidophos exposure elicited sex-dependent effects on
Ch transporter binding in the brainstem at PN10 (Treatment:
Fly27 = 11.5, p = 0.002; Treatment x Sex: F = 13.6,
p = 0.001). Separate analyses for males and females indicated

Body mass
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FIG. 1. Effects of neonatal methamidophos exposure (1 mg/kg/day sc) on

body mass during the period of exposure. Values are means + SEM. MET,
methamidophos exposure group.

significant effects for females only: Methamidophos increased
Ch transporter binding (F, , =21.6, p < 0.001). There were no
significant effects in the cortex. As for ChAT activity and the
serotonergic measures, there were no significant effects.

Effects on the Cholinergic and Serotonergic Systems at
Adulthood (Fig. 3)

Early methamidophos exposure elicited a late-emergent
decrease in ChAT activity in the cortex (Treatment: ', = 8.7,
p = 0.006) but not in the brainstem. Regarding Ch transporter,
there was a decrease in binding in the brainstem (Treatment:
F1,zs =9.7, p =0.004) but not in the cortex.

There were sex-dependent effects on SHT,, receptor bind-
ing in the brainstem (Treatment x Sex: F ,, = 8.5, p = 0.007).
Separate analyses for males and females indicated a signifi-

cant methamidophos-elicited decrease for females (F e = 5.2,
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Methamidophos effects during early postnatal development
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FIG. 2. Effects of neonatal methamidophos exposure (1 mg/kg/day sc, from PN3 to PN9) during early postnatal development presented as percent change
from control values. ChAT activity and Ch transporter binding in the cerebral cortex (a) and brainstem (b). In the inset, the data pertaining to Ch transporter
binding are separated by sex. SHT,,, SHT,, and SHT transporter in the cerebral cortex (c) and brainstem (d). Values are means + SEM. For each treatment group,
16 animals were examined, equally divided into males and females. SHT, ,; serotonin receptor subtype 1A; SHT, serotonin receptor subtype 2; SHTT, serotonin
presynaptic transporter; F, female; M, male. **#*p < 0.001, versus respective control group.

p = 0.03) and a trend toward increased binding for males
(F,,;=3.3, p=0.08). There were no significant effects in the
cortex. As for SHT, receptor binding, there were significant
increases both in the cortex (Treatment: F 7= 4.8, p=0.03) and
brainstem (Treatment: F' Log = 4.2, p = 0.04; Treatment x Sex:
F = 12.7, p = 0.001). However, in the brainstem, the increase
in binding was restricted to males (F e = 28.8, p < 0.001). As
for the SHT transporter, there were no significant effects at
adulthood.

Effects on Behavior at Adulthood (Fig. 4)

In the forced swimming test, the ANOVA demonstrated that
early methamidophos exposure elicited an increase in immo-
bility time (Treatment: F ,, = 5.05, p = 0.02), suggestive of
depressive-like behavior (Fig. 4a). Methamidophos failed to
elicit significant alterations on all anxiety-related measures:
There were no differences between groups in %Time OA and
%Entries OA in the EPM (Fig. 4b), and these results were
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Methamidophos effects at adulthood
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FIG.3. Effects of neonatal methamidophos exposure (1 mg/kg/day sc, from PN3 to PN9) at adulthood presented as percent change from control values. ChAT

activity and Ch transporter binding in the cerebral cortex (a) and brainstem (b). SHT

1a» JHT,, and SHT transporter in the cerebral cortex (c) and brainstem (d).

In the inset, the data pertaining to SHT,, and SHT, are separated by sex. Values are means + SEM. For each treatment group, 16 animals were examined, equally
divided into males and females. SHT ,; serotonin receptor subtype 1A; SHT, serotonin receptor subtype 2; SHTT, serotonin presynaptic transporter; F, female; M,

male. *p < 0.05, ***p < 0.001, versus respective control group.

corroborated by the lack of alteration in the time spent in the
center of the OF (Time Cen OF) (Fig. 4c). Despite the lack
of effects in most measures obtained in the EPM, methami-
dophos elicited a decrease in the time spent in the center of
the maze (Time Cen—Treatment: F L6 = 5.5, p = 0.02), which
indicates less time spent in the cognitive task of choosing
which arm (open or closed) to go into (Fig. 4b). Locomotor
activity was also not affected by methamidophos exposure both
in the EPM (Entries CA, Fig. 4b) and in the OF (Ambulation

OF, Fig. 4c). There were no significant alterations on memory/
learning ([L3 — LOJ]/LO) as assessed in the passive avoidance
test (Fig. 4d).

DISCUSSION

In this study, methamidophos exposure during the “brain
growth spurt” was effective in producing immediate and late-
emergent alterations in cholinergic and serotonergic synaptic
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Methamidophos effects on behavior at adulthood
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FIG. 4. Eftects of neonatal methamidophos exposure (1 mg/kg/day sc, from PN3 to PN9) on behavior at adulthood presented as percent change from control
values. In (a), immobility time in the forced swimming test. In (b), anxiety-like measures (% Time OA and % Entries OA), decision making (Time Cen), and activ-
ity (Entries OA) measures in the EPM. In (c), locomotor activity (Ambulation OF) and anxiety-like (Time Cen OF) measures in the open field. In (d), memory/
learning ([L3 — LOJ/LO) in the step-down passive avoidance test. Values are means + SEM. For each treatment group, 20-36 animals were examined, divided into
males and females. EPM measures: %Time OA, time spent in open arms divided by time spent in open + closed arms; %Entries OA, number of entries in open
arms divided by number of entries in open + closed arms; Time Cen, time spent in the center; Entries CA, number of closed arms entries. Open field measures:
Ambulation OF, traveled distance; Time Cen OF, time spent in the center. Passive avoidance: (L3 — L0)/L0, memory/learning index based on the latency (L) to
descend from the platform on the first (L0O) and second (L3) sessions. *p < 0.05 versus respective control group.

markers and in eliciting behavioral effects suggestive of depres-
sive-like behavior and impaired decision making in adult mice.

Methamidophos elicited time-dependent and region-selective
effects, which may be associated to the fact that distinct regions
have specific timetables of maturation. Distinct populations
originate from different brain areas that undergo differentiation
processes with widely varying schedules (Rodier, 1988). As an
example, each component of the cholinergic system follows a
characteristic and region-specific developmental plan (Abreu-
Villaga et al., 2011); therefore, it is expected that methamidophos
elicits effects that are specific to each component and brain
region. Moreover, dissimilar immediate and late-emergent

effects reinforce the idea that developmental exposure to OPs can
act either producing immediate effects or programing changes
that may appear later during development or at adulthood
(Ahlbom et al., 1995; Aldridge et al., 2005a; Dam et al., 2000;
Levin et al., 2010; Slotkin et al., 2001) and suggest that distinct
mechanisms of action are responsible for the immediate and
delayed effects. Finally, the selective effects were evident with
similar AChE inhibition in both brain regions and even after full
recovery of AChE activity at adulthood, which gives support to
previous evidence of noncholinesterase effects of OPs (Ahlbom
et al., 1995; Aldridge et al., 2005b; Levin et al., 2010; Slotkin
and Seidler, 2007, 2008; Slotkin et al., 2006b, 2008c).
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Our results were also dependent on the sex. Descriptions of
sex differences are common when it comes to the effects of
OP exposure on developing animals (Aldridge et al., 2005b;
Johnson et al., 2009; Slotkin et al., 2008c). These results,
together with ours, reinforce the multiplicity of effects of
OPs during development and their capacity to affect several
parameters of the cholinergic and serotonergic systems with sex
selectivity. The time course of the GABAergic system during
development may, in part, explain our sex-dependent effects.
GABA per se has a trophic role in neuronal maturation, affecting
neuronal migration and synapse formation; in addition, it was
shown to modulate the expression of neurotrophic factors (for
review: Represa and Ben-Ari, 2005). During the early postnatal
development, there is a shift in GABA  receptor-mediated
responses from excitatory to inhibitory, which, in turn, could
alter the expression of neurotrophic factors (Berninger et al.,
1995). This shift, which is dependent on cholinergic activation
(Liu et al., 2006), occurs earlier in females compared with males
(Nufiez and McCarthy, 2007). Therefore, it is possible that the
increased cholinergic stimulation elicited by OPs, including
methamidophos, differentially affects males and females. It is
also possible that sex-selective actions of OPs are associated
with their potential actions as endocrine disruptors. In this
regard, chlorpyrifos exposure in the early postnatal period was
shown to reduce aromatase activity, an enzyme responsible
for a key step in the biosynthesis of estrogens (Buratti et al.,
2011). To our knowledge, there are no studies that investigate
methamidophos effects on pituitary and sex hormones during
the perinatal period; however, there is evidence of significant
reduction in testosterone levels (Maia et al., 2011) and increase
of ACTH (Spassova et al., 2000) in rodents exposed to
methamidophos at adulthood (Maia et al., 2011).

Methodological Issues

Methamidophos was dissolved in DMSO, which may con-
stitute a cause of concern, even though all experimental groups
were exposed to this substance, because there are reports of
neurotoxic effects of this solvent. Interestingly, we failed to find
studies describing an association between DMSO and behavioral
or neurochemical alterations during the early postnatal develop-
ment although, at adulthood, there is little evidence of DMSO-
elicited histopathological and behavioral alterations at doses
close to the one used in the present study (Authier et al., 2002;
Kaye et al., 1983). These findings suggest that it is unlikely that
DMSO exposure, in the present study, has affected the results.

Here, we chose two time points to perform the analyses.
In the first time point (1 day postexposure), the biochemical
findings were identified when AChE inhibition was at 20%,
well below the minimum necessary to elicit cholinergic toxicity
(Bignami et al., 1975; Slotkin, 2004). In the second time point
(at adulthood), both biochemical and behavioral alterations
were observed in spite of the fact that AChE activity had
already returned to control levels. In spite of the low inhibition
levels observed during these time points, during exposure,
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the IntD used in this study elicited higher levels of AChE
inhibition, which is in accordance with previous evidence of
rapid recovery of AChE inhibition in pups exposed to OPs,
including methamidophos (Moser, 1999). These higher levels
could have elicited systemic toxicity; however, the fact that
inhibition levels surpassed the minimum necessary to elicit
this adverse effect only at one brain region (cortex) and at one
time point (4 h after the last injection), together with the lack of
effects in body weight during exposure, suggest that the IntD
of methamidophos was devoid of cholinergic toxicity. This
conclusion is consistent with those from a previous report in
which rats were exposed to a similar dose of methamidophos at
PN17 (Moser, 1999).

Effects on the Cholinergic and Serotonergic Systems During
Early Postnatal Development

In this study, methamidophos exposure was able to increase
Ch transporter binding in the brainstem of developing females.
Considering that the Ch transporter binding is responsive to
neuronal activity (Klemm and Kuhar, 1979; Simon et al., 1976),
the increase in binding indicates increased cholinergic activity,
which is consistent and may be directly related to the inhibition
of AChE. The inhibition of AChE activity described here may
elicit a significant decrease of choline in the synaptic clefts.
Accordingly, the increased binding to the Ch transporter may
indicate a compensatory response of the presynaptic cell as an
effort to maintain physiological intracellular levels of choline to
be used as substrate to ACh synthesis. In this regard, in rat brain
synaptosomes, primary cultures from the basal forebrain, and
mammalian cell lines transfected with Ch transporter, high lev-
els of extracellular choline were shown to rapidly decrease cell
surface Ch transporter expression by accelerating its internali-
zation (Okuda et al., 2011). Accordingly, the inverse response
is likely to occur, so that the inhibition of AChE and consequent
reduction of choline in the synaptic clefts could be responsible
for the increase of Ch transporter at the cholinergic presynap-
tic terminal. Besides this possibility, it was recently shown,
in sympathetic ganglia from mice with a disruption in the o3
nAChR subunit gene and rescued fast synaptic transmission by
overexpressing 03 cDNA, that the Ch transporter is induced
by retrograde signals downstream of postsynaptic activity
(Krishnaswamy and Cooper, 2009). In mice exposed to OPs,
high ACh levels in the synaptic cleft may hyperstimulate the
postsynaptic cell. Accordingly, we suggest that the increased
postsynaptic activity may also retrogradely induce the increase
of the Ch transporter. Even though there is evidence that the
increase in Ch transporter by the end of methamidophos expo-
sure is directly linked to the inhibition of AChE, it is unlikely
that this is the sole mechanism that mediate our results because,
despite similar levels of AChE inhibition in the brainstem and
cortex, Ch transporter binding results were restricted to the
brainstem and to females.

Previous reports have shown that chlorpyrifos, parathion,
and diazinon elicit general alterations in the serotonergic
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system (Aldridge et al., 2003; Slotkin et al., 2006b), which is
in accordance with previous findings that this system is espe-
cially sensitive to developmental disruption by OP exposure.
In contrast, here we found that methamidophos was not able
to affect the serotonergic system in the same way: There were
no significant alterations in the serotonergic measures by the
end of exposure. Despite methodological differences between
previous studies and the present one (e.g., rats vs. mice; dis-
tinct length of postnatal exposure), differences between the
effects of methamidophos compared with other OPs reinforce
the conclusion that various OPs diverge in their effects on
neurodevelopment.

Effects on the Cholinergic and Serotonergic Systems at
Adulthood

At adulthood, long after the end of exposure and after
recovery of AChE activity, the binding to the Ch transporter
was decreased in the brainstem in both males and females,
which is suggestive of a late-emergent decrease in choliner-
gic activity. Neonatal exposure to parathion and chlorpyrifos
was also shown to evoke Ch transporter binding decrements
in the brain; however, there were region- and sex-dependent
effects distinct from those identified after methamidophos
exposure (Slotkin et al., 2001, 2008b). In addition, regarding
ChAT activity, despite the lack of significant alterations by the
end of methamidophos exposure, ChAT was decreased in the
cortex at adulthood. This result suggests that methamidophos
programs a reduction in the density of cholinergic terminals
and corroborates Slotkin and collaborators’ (2008a, b) findings
associated to parathion or diazinon exposures but not to chlor-
pyrifos (Slotkin et al., 2001) exposure.

Late-emergent effects in the serotonergic system included a
decrease in SHT,, binding in the brainstem of females and an
increase in SHT, binding in the cortex (males and females) and
in the brainstem (males). Despite the fact that the direction of
the receptor alterations and the magnitude of the effects may be
different among distinct OPs (Aldridge et al., 2004; Slotkin and
Seidler, 2008; Slotkin et al., 2009), the increase in SHT, binding
is consistent with previous findings in postmortem studies of
suicide victims (Pandey et al., 2002). Additionally, previous
findings of decreased expression of the mRNA encoding the
SHT,, receptor in patients with major depression (Lopez-
Figueroa et al., 2004) and of reduced SHT |, receptor binding
in suicide victims (Savitz et al., 2009) present similarities to
the late-emergent decrease in SHT, , binding in mice exposed
to methamidophos. However, our findings were identified only
in females, which indicates that alterations found in our model
do not completely parallel neurochemical alterations described
in humans. It should be noted that receptor binding effects
may not be the only alterations associated with OP exposure.
In this regard, a previous study reported altered expression of
genes that encode the enzymes of SHT synthesis, storage, and
degradation in undifferentiated and differentiating PC12 cells
exposed to chlorpyrifos or diazinon (Slotkin and Seidler, 2008).
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Altogether both cholinergic and serotonergic results indi-
cate that despite restricted similarities, distinct OPs are able to
elicit dissimilar effects. These may be associated to OP selec-
tive interference with cell functioning. In this regard, targets
for OPs such as cell signaling mediated by adenylyl cyclase
(Meyer et al.,2003; Song et al., 1997), the m, muscarinic recep-
tor (Slotkin et al., 2006a), lipases (Casida et al., 2008), and
microtubule proteins (Jiang et al., 2010) have been identified.

Behavioral Effects

Cholinergic and serotonergic alterations in methami-
dophos-exposed mice were accompanied by an increase
in immobility time in the forced swimming test, indicative
of depressive-like behavior at adulthood. This result shows
similarities to those of other OPs (Aldridge et al., 2005a;
Roegge et al., 2008); however, methamidophos effects in
behavior were specific; there were no anxiety and memory/
learning alterations. Considering that there is evidence that
serotonergic and cholinergic alterations could underlie distur-
bances observed in depression (for review: Carr and Lucki,
2011; Dagyté et al., 2011; Graef et al., 2011), the increased
immobility time long after the end of methamidophos expo-
sure may, in part, be explained by the neurotransmitter system
alterations described here. In this regard, because the depres-
sive-like behavior was significant in both males and females,
while several neurochemical findings were sex dependent, it
is likely that other effects of methamidophos exposure also
play a role in the behavioral findings. Future investigation of
serotonergic and other alterations elicited by methamidophos
exposure may provide a more complete picture of the conse-
quences of early methamidophos exposure.

Methamidophos was also able to elicit a decrease in the
time spent in the center of the EPM. Even though there is
no consensus regarding the meaning of this measure (Wall
and Messier, 2001), considering that anxiolytics reduce time
spent in the center of the maze (Cruz et al., 1994), our results
could indicate reduced anxiety levels due to methamidophos
exposure. However, this possibility should be considered with
caution because it was not supported by the classic and most
frequently used measures to evaluate anxiety in this test. There
is also evidence that time in the center of the maze reflects
decision making, perhaps related to approach/avoid conflict
(Rodgers and Johnson, 1995; Rodgers et al., 1997). The choice
between two alternatives (in this case the open and closed arms
of the maze) was described as a cognitive function based on
information collected from the environment, so that a deci-
sion is made when a threshold of neuronal activity is reached
(for review: Gold and Shadlen, 2007). If this is the case, the
reduced time spent in the center of the maze seems to indicate
that, in methamidophos-exposed mice, a decision is made with-
out sufficient data from the environment. Interestingly, there is
a clear link between altered decision making in humans and
neuropsychiatric disorders including major depression (Cella
et al.,2010), as well as suicidal behavior (Jollant ef al., 2005).
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In addition, both depression and decision making seem to be
modulated by the serotonergic function (Carr and Lucki, 2011;
Rogers et al., 2003).

CONCLUSIONS

We investigated in mice the effects of methamidophos on the
“brain growth spurt” period of brain development. The present
results lead to several inferences. The first one is that despite
the presence of cholinergic alterations due to early postnatal
methamidophos exposure, these changes do not necessarily
imply on similar alterations at adulthood. That is, the effects
of OP exposure on the cholinergic system during the neonatal
period may occur through pathways other than those that cul-
minate on later alterations both in the cholinergic and seroton-
ergic systems. The second one is the reinforcement of evidence
that the pattern of effects elicited by an OP is highly dependent
on the developmental stage. Interestingly, in a previous study
we observed an overall decrease of the SHT markers analyzed
here after a subchronic exposure to methamidophos at adult-
hood (Lima et al., 2011). These alterations were observed even
at doses of exposure that caused only 15% of brain AChE inhi-
bition. Finally, the third inference is that early methamidophos
exposure is able to elicit delayed, mood-related effects, sugges-
tive of depressive-like behavior and impaired decision making,
a cognitive task, at adulthood. Overall these results indicate
that, as previously described for other OPs, methamidophos
exposure during the early postnatal period may be deleterious
to the developing brain. Finally, neurochemical effects and evi-
dence of mood and cognitive alterations at adulthood further
indicate harmful effects throughout life.
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