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Chlorpyrifos (CPS), a known neurotoxicant, is a widely used
agricultural organophosphorus insecticide. The effects of post-
natal exposure to CPS on the expression of mRNA for two factors
critical to brain development, nerve growth factor (NGF) and
reelin, were investigated in the forebrain of rats. In addition, the
expression of mRNA for the muscarinic acetylcholine receptor
(mAChR) M; subtype and cell-specific markers for developing
neurons (3-III tubulin), astrocytes (glial fibrillary acidic protein,
GFAP), and oligodendrocytes (myelin-associated glycoprotein,
MAG) was also investigated. Oral administration of CPS (1.5 or
3.0 mg/kg) or the corn oil vehicle was performed daily from
postnatal days (PNDs) 1 through 6. No signs of overt toxicity or of
cholinergic hyperstimulation were observed after CPS adminis-
tration. Body weight was significantly different from controls on
PND7 in both males and females exposed to 3.0 mg/kg CPS.
Quantitative PCR was performed on the forebrain. The expression
of NGF, reelin, and M; mAChR mRNA was significantly reduced
with both dosages of CPS in both sexes. B-III Tubulin mRNA
expression remained unchanged after exposure, whereas MAG
mRNA expression was significantly decreased with both dosages
of CPS in both sexes, suggesting effects on the developing
oligodendrocytes. In contrast, GFAP mRNA levels were signifi-
cantly increased with both dosages of CPS in both sexes, sug-
gesting increased astrocyte reactivity. Our findings indicate that
dosages of CPS which cause significant cholinesterase inhibition
but do not exert overt toxicity can adversely affect the expression
levels of critical genes involved in brain development during the
early postnatal period in the rat.
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INTRODUCTION

In recent years, great concern has been raised about the
negative impact of organophosphorus (OP) insecticide expo-
sure on the nervous system in children. These concerns have
led to the elimination of the household uses of several insec-
ticides, such as chlorpyrifos (CPS) and diazinon. However,
even though this restriction has proven beneficial in urban areas
(Whyatt et al., 2004), the continued use of the OP insecticides
in agriculture still provides the opportunity for childhood ex-
posure. In fact, children in agricultural areas encounter higher
exposures of insecticides than do children in nonagricultural
areas (Bradman et al., 1997; Simcox et al., 1995). It is also
generally acknowledged that children living in agricultural
worker households or living in close proximity to insecticide-
treated farmland would have increased exposures compared to
other children living in the same community. Household resi-
due analysis of OP insecticides have supported this idea (Lu
et al., 2002). However, the presence of similar levels of diethyl
OP residues in the urine of children regardless of age, parental
occupation, or residential proximity to fields suggests that
insecticide spraying in an agricultural region can increase
children’s exposure in the absence of parental work contact
with insecticides or residential proximity to OP-treated farm-
land (Koch et al., 2002). Thus, all children living in agricultural
communities may be at increased risk to OP insecticide
exposure.

CPS was the most widely used OP insecticide prior to its
restriction from household uses, but it is still heavily used in the
agricultural industry. Postnatal exposure to CPS has been
suggested to affect a plethora of neurological targets, and many
of these studies, including our own, observe these effects at
levels of CPS which do not produce the characteristic signs of
OP toxicity. However, alteration of neurological targets by CPS
is either accompanied by cholinesterase (ChE) inhibition or
occurs following periods of ChE inhibition, indicating pertur-
bation of the normal patterns of cholinergic neuronal activity. It
is possible that a great proportion of the CPS-induced neurotoxic
effects may be due to either direct or indirect consequences of
the disruption of the cholinergic activity.
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Cholinergic neuronal activity is known to be involved in the
regulation of critical genes involved in development such as the
neurotrophin nerve growth factor (NGF) and other transcrip-
tion factors in the developing brain (da Penha Berzaghi et al.,
1993). Normal development of the nervous system requires the
concomitant and coordinated ontogeny of proliferation, migra-
tion, differentiation, synaptogenesis, gliogenesis, myelination,
and apoptosis to occur in a temporally and regionally de-
pendent manner. Disturbance of neuronal activity could cause
perturbations in the normal profiles of gene expression during
these critical developmental processes and could result in long-
term irreversible consequences that affect the structure and
function of the nervous system.

Our previous study demonstrated that CPS can alter protein
levels of NGF (Betancourt and Carr, 2004) in the postnatal
period, but the effects of CPS on NGF at the gene expression
level are unknown. The purpose of this study was to investigate
the effects of developmental exposure to CPS on gene
expression during the first postnatal week using similar
dosages. In line with our previous focus on NGF, we measured
NGF mRNA levels in the forebrain of neonatally exposed male
and female rats. Since previous studies have suggested that
cholinergic neuronal activity is involved in the regulation of
neurotrophin expression in the developing brain and involves
the muscarinic acetylcholine receptors (mAChR) of the sub-
type M;/Mj; (da Penha Berzaghi et al., 1993), we also measured
the expression of the M; mAChR.

Another important component in brain development is
reelin, a large protein of the extracellular matrix that plays
a key role in layer formation during early stages of de-
velopment of the cerebral and cerebellar cortices (D’ Arcangelo
et al., 1995). Reelin function has been associated with normal
patterns of neuronal migration (Rakic and Caviness, 1995), and
an abnormal migration of neurons has been linked to cognitive
deficits, mental retardation, and motor disorders (Eksloglu
et al., 1996; Gleeson et al., 1998). It has been suggested that
reelin could represent an important target for OP neurotoxicity
during development (Keller and Persico, 2003). Thus, we
measured reelin mRNA expression.

It has been suggested that prenatal and postnatal CPS
exposure targets both neuronal and glial development (Garcia
et al., 2003). Therefore, we also measured mRNA expression
for cell-specific markers for developing neurons (B-III tubulin),
astrocytes (glial fibrillary acidic protein, GFAP), and oligoden-
drocytes (myelin-associated glycoprotein, MAG) in the fore-
brain after developmental exposure to CPS.

MATERIALS AND METHODS

Chemicals. CPS was a generous gift from DowElanco Chemical Company
(Indianapolis, IN). All other chemicals were purchased from Sigma Chemical
Co (St Louis, MO).

Animals. Adult male and female Sprague Dawley rats (CD IGS) were
obtained from Charles River Laboratories (Wilmington, MA) and were used
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for breeding. Animals were housed in an AAALAC-accredited facility in
a temperature-controlled environment (22 + 2°C) with a 12-h dark-light cycle
with lights on between 0700 and 1900 h. LabDiet rodent chow and tap water
were freely available during the experimentation. The day of birth was
designated as postnatal day (PND) 0. Individual pups of each sex were
assigned to each treatment within each litter. All procedures were approved
by the Mississippi State University Institutional Animal Care and Use
Committee.

Animal treatments. CPS was dissolved in safflower oil and administered
orally at a volume of 0.5 ml/kg body weight. Rats were treated daily from
PNDI1 through 6. The size of the litter was adjusted as much as possible in
order to obtain litters of the same size (8—10 pups) and even distribution of
male and female pups within each litter. The treatment groups were (1)
safflower oil (control), (2) 1.5 mg/kg CPS (low dosage), and (3) 3 mg/kg CPS
(high dosage). Pups for each treatment group were obtained from a minimum
of four litters.

The dosages used in this study were designed to induce inhibition of ChE to
further understand the potential risk of exposure in children. These dosages are
above the oral repeated No Observed Effect Level (NOEL) for brain ChE
inhibition (0.75 mg/kg) but below the oral repeated NOEL for signs of toxicity
(4.5 mg/kg) for postnatal rats as reported by Zheng et al. (2000). However, it is
unclear if these dosages are within the range of exposure levels in children.
Previous studies have used dosages as high as 5 mg/kg and claimed that this
dosage falls within the range of estimated fetal and neonatal exposures from
environmental exposure or home use of CPS (Aldridge et al., 2005). Most
likely, CPS exposure in children will occur at levels lower than those used in
this study with the exception of situations of high levels of contamination.

Daily body weights for pups were recorded. Rats were euthanized by
decapitation on PND7 (24 h after the last exposure to CPS), and the brain was
rapidly removed and dissected on ice to obtain the forebrain (anterior to the
optic chiasma). Tissues were frozen immediately on dry ice and maintained
at — 80°C until processed as described below. All dissection instruments and
surfaces used for tissue dissection were previously washed and rinsed with
RNaseZap solution (Ambion, Austin, TX) and distilled water.

Total RNA isolation. Total RNA from the forebrain was extracted with the
Trizol reagent (Invitrogen, Carlsbad, CA). Tissues were transferred into a 2-ml
glass tube without being thawed followed immediately by the addition of 600 pl
of Trizol reagent. Tissues were disrupted and homogenized using a Wheaton
motorized tissue grinder and a Teflon pestle. Chloroform (10% of the total
volume) was added, and the sample was covered, shaken vigorously, and placed on
ice for 10 min before being subjected to centrifugation for 15 min (13,000 X g).
The aqueous phase was removed and isopropanol (60% of the Trizol volume)
used to precipitate the RNA. The RNA pellet was washed by resuspending it in
75% ethanol. The suspension was centrifuged for 5 min (10,000 X g), dried,
and redissolved in diethylpyrocarbonate-treated water (Ambion). Total RNA
was treated with DNase (Invitrogen) to eliminate any contaminating genomic
DNA.

RNA quantification and quality assessment. The RiboGreen RNA-
specific quantification kit with DNase I (Invitrogen-Molecular Probes, Eugene,
OR) was used in order to accurately determine total RNA concentration. RNA
integrity was confirmed by direct visualization of 18S and 28S rRNA bands
after agarose gel electrophoresis. After quantification, all RNA sample volumes
were adjusted using in diethylpyrocarbonate-treated water so that the concen-
trations of the samples were within a 10-fold range.

Real-time PCR. The 18S rRNA was used as the internal standard for the
duplex quantitative reverse transcriptase PCR (Q-PCR). Primers and probes for
the reference and target genes (Table 1) were designed to span intron-exon
boundaries (Molecular Beacon 2.0 software; Biosoft International, Palo Alto,
CA). All primers were synthesized by MWG Biotech (High Point, NC), and all
probes were synthesized by Sigma Genosys (The Woodlands, TX). Primer,
probe, and template concentrations were optimized for 18S, NGF, MAG, GFAP,
B-1II tubulin, reelin, and M, individually followed by optimization in duplex
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TABLE 1
Primer and Probes for the Reference and Target Genes

Gene GenBank  Primer Sequence 5'-3’

18S XO01117 CGTTGATTAAGTCCCTGCCCTT
TCAAGTTCGACCGTCTTCTCAG
ACACACCGCCCGTCGCTACTACCG
GGACGCAGCTTTCTATCCTGG
CCCTCTGGGACATTGCTATCTG
ACGGTTCTGCCTGTACGCCGATCA
GCGTCATGTATGCACCTTGGA
GTGGAACACAGGATGGAGACTG
CCTCTACCGCCACCACCGTCCCAT
CTAATGACTATCGCCGCCACCT

S

A

P
NGF XM227525 S
A
P
S
A
P
S
A CTCCTCCTGTTCGCGCATTT
P
S
A
P
S
A
P
S
A
P

MAG NMO017190

GFAP NMO017009
TCTCCAAGGACTCGTTCGTGCCGC
GCCAAGTTCTGGGAGGTCATC
GTAGTAGACACTGATGCGTTCCA
AGCATGGCATAGACCCCAGCGGCA

B-IIT Tubulin NM139254

M, NMO080773 ATGGTGATGCCCTTTCTCTGAG
GAGGTGTTCATGGCAGCCG
AGGCGCAGCCCCTTCCTCCAGTC

Reelin NMO080394 AAACTACAGCGGGTGGAACC

ATTTGAGGCATGACGGACCTATAT
TCCCCTCCCTAATGCGGCACTCAC

Note. S: Sense primer; A: antisense primer; and P: dual-labeled probe.

PCRs (iCycler; BioRad, Hercules, CA; Platinum Quantitative RT-PCR
ThermoScript One-Step System; Invitrogen).

Q-PCR for rat NGF, M, MAG, GFAP, B-1I1I tubulin, and reelin mRNA levels
was done. Each PCR was done in triplicate in a final reaction volume of 50 pl.
The thermal cycler conditions for the RT reaction were 65°C, 30 min; 95°C,
5 min; and 40 cycles of 95°C, 15 s and 65°C, 1 min. In all experiments, samples
containing no template were included as negative controls. Standard curves of
both the reference gene (18S) and each target gene were used to calculate the
PCR efficiency for each gene (X-fold dilutions from 1:10 to 1:1000). The
threshold cycle values (C, values) of the target gene were normalized to the C;
values of 18S to correct for template variation. From the normalized mean C;
values for each target gene, the fold change was calculated using the method of
2(Ccontot mean) ~Csampte) *PCR efficiency) yging the PCR efficiency specific for each
target gene. Percent change was calculated.

For comparison between treatment groups, the fold change of each
individual sample (including both CPS and control samples) from the
respective control C, mean was calculated using the method of
2(Ceontot mean) ~Cugsampe) "PCR efficiency) - Within each gene and sex, statistical analysis
was performed by ANOVA using the general linear model procedure followed
by separation of means using Least Significant Difference and 95% CIs were
determined. The criterion for significance was set at p < 0.05.

RESULTS

CPS treatment with either the low or the high dosage induced
no signs of overt toxicity and no signs of cholinergic
hyperstimulation such as lacrimation, diarrhea, or tremors even
though based on our previous study, these dosages resulted in
significant ChE inhibition (Betancourt and Carr, 2004). Body
weights on PND7 were only significantly decreased from those

of controls for the high dosage of CPS in males (16%) and
females (21%) (data not shown). In the low dosage group, body
weights were identical to control values.

With respect to the expression of components that have
important roles in neuronal development, CPS treatment
exerted negative effects in both sexes. NGF mRNA expression
was significantly reduced in both females and males treated
with both the low (16.8 and 15.7%, respectively) and high (23.3
and 22.8%, respectively) dosages of CPS (Fig. 1). Reelin
mRNA expression was also significantly reduced in both
females and males treated with both the low (6.5 and 10.3.%,
respectively) and high (14.6 and 19.6%, respectively) dosages
of CPS (Fig. 2). There were no significant differences between
the low and high dosages with either NGF or reelin. With
respect to the effects on M; mAChR expression, CPS treatment
significantly reduced expression in both females and males
treated with both the low (16.1 and 11.9%, respectively) and
high (33.3 and 26.0%, respectively) dosages (Fig. 3). This
pattern of decrease exhibited a clear dose-response effect.

With respect to the expression of the cellular markers, the
effects varied. The expression of mRNA for the neuronal marker
B-III tubulin was not affected by CPS treatment in either sex
(Fig. 4). The expression of mRNA for the oligodendrocyte
marker MAG was significantly reduced in both females and
males with both the low (24.5 and 27.8%, respectively) and high
(36.8 and 51.4%, respectively) dosages (Fig. 5). In contrast, the
expression of mRNA for the astrocyte marker GFAP was
significantly increased in both females and males treated with
both the low (15.8 and 18.1%, respectively) and high (29.5 and
25.6%, respectively) dosages of CPS (Fig. 6).
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FIG. 1. Fold change in NGF mRNA in the forebrain of female and male rat
pups exposed daily to either 1.5 or 3.0 mg/kg CPS from PND1 through 6 and
sacrificed on day 7 (24 h after the last treatment). Values are expressed as fold
change, and error bars indicate 95% CIs determined as described in the
“Materials and Methods” section (n = 5). Bars within each sex with different
lowercase letters are significantly different (p < 0.05) from one another.
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FIG. 2. Fold change in reelin mRNA in the forebrain of female and male
rat pups exposed daily to either 1.5 or 3.0 mg/kg CPS from PNDI1 through 6 and
sacrificed on day 7 (24 h after the last treatment). Values are expressed as fold
change, and error bars indicate 95% CIs determined as described in the
“Materials and Methods” section (n = 5-6). Bars within each sex with
different lowercase letters are significantly different (p < 0.05) from one
another.

DISCUSSION

In mammals, gene transcription is a step subjected to tight
regulation especially during development. It has been shown
that changes in mRNA levels in the CNS can account for
numerous phenotypic differences in brain function (Alfonso
et al.,2002). Our previous results demonstrated that at the time
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FIG. 3. Fold change in mAChR subtype M; mRNA in the forebrain of
female and male rat pups exposed daily to either 1.5 or 3.0 mg/kg CPS from
PNDI1 through 6 and sacrificed on day 7 (24 h after the last treatment). Values
are expressed as fold change, and error bars indicate 95% ClIs determined as
described in the “Materials and Methods” section (n = 5-6). Bars within each
sex with different lowercase letters are significantly different (p < 0.05) from
one another.
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FIG. 4. Fold change in B-III tubulin mRNA in the forebrain of female and
male rat pups exposed daily to either 1.5 or 3.0 mg/kg CPS from PND1 through 6
and sacrificed on day 7 (24 h after the last treatment). Values are expressed as
fold change, and error bars indicate 95% ClIs determined as described in
the “Materials and Methods” section (n = 5-7). Bars within each sex with
different lowercase letters are significantly different (p < 0.05) from one
another.

period sampled in this study, forebrain ChE activity is
significantly inhibited in a dose-dependent fashion, suggesting
that CPS alters normal cholinergic activity (Betancourt and
Carr, 2004). Those previous results taken with the results of
this study demonstrate that the increased cholinergic stimula-
tion induced by CPS exposure alters the normal pattern of
gene expression which could potentially modify the highly
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FIG. 5. Fold change in MAG mRNA in the forebrain of female and male
rat pups exposed daily to either 1.5 or 3.0 mg/kg CPS from PNDI1 through 6 and
sacrificed on day 7 (24 h after the last treatment). Values are expressed as
expression ratios, and error bars indicate 95% CIs determined as described in
the “Materials and Methods™ section (n = 5). Bars within each sex with
different lowercase letters are significantly different (p < 0.05) from one
another.
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FIG. 6. Fold change in GFAP mRNA in the forebrain of female and male
rat pups exposed daily to either 1.5 or 3.0 mg/kg CPS from PND1 through 6 and
sacrificed on day 7 (24 h after the last treatment). Values are expressed as
expression ratios, and error bars indicate 95% ClIs determined as described in
the “Materials and Methods™ section (n = 5-6). Bars within each sex with
different lowercase letters are significantly different (p < 0.05) from one
another.

coordinated developmental processes, leading to perturbation
of the normal patterns of neuronal development.

In this study, the dosages of CPS induced a statistically
significant decrease in NGF mRNA levels which correlates
well with our previous observations of decreased NGF protein
levels following a similar treatment paradigm (Betancourt and
Carr, 2004). It is known that during postnatal life, NGF is
essential for the normal development of striatal and basal
forebrain cholinergic neurons which project into the hippo-
campus and neocortex and that these neurons are important for
attention, learning, and memory functions (Olton et al., 1991).
Thus, deficits on NGF mRNA followed by deficits on NGF
protein levels may negatively alter the normal development of
these cholinergic afferents. It has been shown that neonatal
lesions to basal forebrain cholinergic afferents result in delayed
cortical neuronal development and permanently altered cortical
cytoarchitecture and cognitive behaviors (Hohmann and
Berger-Sweeney, 1998).

Our previous results demonstrated significant reductions in
the mAChR-binding sites following the low and high dosages
of CPS in a dose-dependent fashion (Betancourt and Carr,
2004). In this study, M; mRNA levels were dose dependently
decreased, suggesting that the downregulation of the M,
mAChHR subtype involves changes not only at the level of the
synaptic membrane but also at the level of gene expression.

Our data indicate that developmental exposure to CPS elicits
a significant statistical decrease in reelin mRNA expression,
but it is not clear if the decreased expression is biologically
relevant, especially in the low dosage group, where change in
expression was not more than 10% in either sex. However, the

variation in expression in the control samples was less than 3%,
suggesting that the expression may be tightly regulated. It is
known that reelin is synthesized in Cajal-Retzius cells, and
some Cajal-Retzius cells contain mAChR (Chaudhuri et al.,
2005). While very little is known about the role of these
receptors on Cajal-Retzius cells, it is possible that they could
play a role in regulation of reelin expression. If true, it is
possible that the decreased expression of reelin could be a by-
product of the decreased levels of mAChR. In addition,
epidemiological studies have found that reelin is located within
a chromosomal region showing linkage with autism. While the
precise etiology of autism has not been determined, it has been
suggested that pesticide exposure could be an environmental
factor involved in the pathology of this developmental disorder
(D’ Amelio et al., 2005; Keller and Persico, 2003). In addition,
children with autism have lower levels of an enzyme important
in OP detoxication (Pasca et al., 2006).

Trophic factors play an important role in regulating many
processes in vertebrate brain development including cell
differentiation, neuronal proliferation and migration, axonal
guidance, synapse formation, and glial maturation (Song et al.,
2002). Using gene expression for specific markers of neurons
and glial cells including astrocytes and oligodendrocytes, we
observed differential effects on the expression of markers for
these various cell types.

B-IIT Tubulin is extensively used as a specific neuronal
marker since it is initially expressed at the onset of neural
differentiation and is the only P-tubulin present in the
mammalian brain whose expression is neuron specific (Lee
et al., 1990). We observed no significant effects of CPS
exposure on B-III tubulin mRNA levels in the forebrain. Our
data agree with those of Garcia et al. (2003), who also reported
no significant effects on the protein levels of the neuronal cell
body marker neurofilament 68 following CPS exposure from
PND1 to 4.

In most rat brain regions, gliogenesis and glial cell
differentiation continues well into postnatal development
(Aschner et al., 1999). GFAP is the major intermediate filament
of mature astrocytes and has been widely recognized as an
astrocyte differentiation marker (Gomes et al., 1999). In the
rodent brain, GFAP mRNA levels increase between birth and
PNDI15 with maximal transcripts present on PND3 and co-
incide with astrocyte proliferation (Riol et al., 1992). Pre-
viously, Garcia et al. (2002) reported limited effects on GFAP
protein levels following early sc postnatal exposure to CPS
(PND1-4) with effects limited to decreased protein levels on
PNDS5 in the male cerebellum only and a subsequent significant
increase on PND10. In contrast, we observed increased GFAP
mRNA levels in the forebrain on PND7 in both sexes following
oral exposure to CPS. While it is possible that our observations
on GFAP mRNA levels may not result in similar changes in
protein levels, the increased expression does suggest treatment-
induced changes in astrocyte reactivity. The basis for this
increased reactivity is not clear but may be related to the CPS
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exposure. It is known that CPS exposure can induce oxidative
stress (Crumpton et al., 2000; Qiao et al., 2005), and the
increased astrocyte reactivity may be a related response to the
production of reactive oxygen species.

MAG is a minor transmembrane glycoprotein found in CNS
myelin comprising ~ 1% of total myelin protein (Quarles e? al.,
1973) that is essential for the maintenance of the mature
myelinated unit. The mRNA for this marker of differentiated
oligodendrocytes is present on PND7 and increases thereafter
as oligodendrocytes mature (Rodriguez-Pefia et al., 1993). Our
data suggest that the CPS exposure may have resulted in
a decrease in those MAG-expressing cells. It is known that
immature oligodendrocytes are more vulnerable to toxic insults
than mature oligodendrocytes (Smith et al., 2000), and this has
been attributed in part to a developmentally related lack of
antioxidant enzymes to control oxidative stress. It is possible
that exposure has induced some cellular toxicity in the
population of progenitor oligodendrocytes thereby decreasing
the number of differentiated oligodendrocytes which would
express MAG. However, another possibility is that the
exposure may have resulted in a delay in the maturation of
the progenitor oligodendrocytes. This is still significant since it
is possible that even a transient delay in oligodendrocyte
development may result in impaired myelin formation and
maintenance (Deng and Poretz, 2003). However, our data are in
contrast to those of Garcia et al. (2003), who reported no
significant effects on the protein levels of the oligodendrocyte
marker myelin basic protein (MBP) following CPS exposure
from PND1 to 4. The mRNAs for MBP and MAG appear at the
same time in developing oligodendrocytes (Dubois-Dalcq
et al., 1986). One would expect similar results between the
two markers, but it may be that the reduced mRNA levels
observed in this study may not result in decreased protein levels
as observed by Garcia et al. (2003). In addition, as acknowl-
edged by Garcia et al. (2003), the immunoblot methodology
they used for detection of MBP levels may underestimate
treatment effects (O’Callaghan et al., 1999).

In conclusion, our findings indicate that neonatal exposure of
rats to CPS can adversely affect the expression of genes
involved in the regulation of neurological developmental
processes. Even though reelin is a critical component in CNS
development, the overall impact of the observed decreased
expression of reelin in the developmental neurotoxicity of CPS
is not clear and requires further investigation. The data
presented here indicate that the decreased levels of NGF
protein we have previously observed are due to CPS-induced
effects at the level of gene transcription. This decrease in
transcription may be due to altered cell signaling which has
been reported to occur following CPS exposure (Auman et al.,
2000; Meyer et al., 2003, 2004). However, it is known that
activation of mAChR increases NGF expression (von der
Kammer et al., 2001), and we have previously reported that
a decrease in mAChR levels occurs following CPS exposure as
a physiological attempt to compensate for the cholinergic
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hyperactivity (Betancourt and Carr, 2004). It may be that the
decrease in NGF expression is merely a by-product of the
mAChHR reduction. While this may be a simplistic explanation,
a decrease in NGF levels may be detrimental to processes
which NGF regulates, especially cholinergic neurons which
depend on NGF for growth and maintenance.

Early neonatal exposure to CPS does not significantly affect
the levels of neuronal markers, which is surprising but has been
observed previously (Garcia et al., 2003). However, the
increased activation of astrocytes as suggested by increased
expression of GFAP implies either increased oxidative stress or
damage to other cellular populations. The simultaneous de-
creased expression of the marker for differentiated oligoden-
drocytes may be indicative of the fact that this population has
taken the brunt of the damage. Several others have suggested
that glial cells are much more susceptible to the negative
effects of CPS than are neurons (Garcia et al., 2002; Qiao et al.,
2001). Such effects on glial development by CPS exposure
could compromise the future trophic and supportive functions
of these cells.
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