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Abstract
This study was designed to test the hypothesis that in vivo Magnetic Resonance Imaging (MRI)
and Spectroscopy (MRS) can detect in adulthood the neurotoxic effects of a single exposure of
prepubertal guinea pigs to the organophosphorus pesticide chlorpyrifos. Twelve female guinea
pigs were given either a single dose of chlorpyrifos (0.6xLD50 or 300 mg/kg, sc) or peanut oil
(vehicle; 0.5 ml/kg, sc) at 35–40 days of age. One year after the exposure, the animals were tested
in the Morris water maze. Three days after the end of the behavioral testing, the metabolic and
structural integrity of the brain of the animals was examined by means of MRI/MRS. In the Morris
water maze, the chlorpyrifos-exposed guinea pigs showed significant memory deficit. Although no
significant anatomical differences were found between the chlorpyrifos-exposed guinea pigs and
the control animals by in vivo MRI, the chlorpyrifos-exposed animals showed significant
decreases in hippocampal myo-inositol concentration using MRS. The present results indicate that
a single sub-lethal exposure of prepubertal guinea pigs to the organophosphorus pesticide
chlorpyrifos can lead to long-term memory deficits that are accompanied by significant reductions
in the levels of hippocampal myo-inositol.
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1. Introduction
One of the drawbacks of an increasingly modernized agricultural society is the exposure of
the human population to the chemical agents used to maintain it. Though banned for
residential use, organophosphorus compounds such as chlorpyrifos are widely used as
agricultural insecticides, and are known to have toxic effects on the developing human brain
(Marks, et al., 2010; Rauh et al., 2006). Chlorpyrifos acts as an irreversible inhibitor of the
enzyme acetylcholinesterase (AChE), which catalyzes the hydrolysis of the neurotransmitter
acetylcholine, and as such, is vital for regulating the function of the cholinergic system in
the peripheral and central nervous systems. In humans, exposure to low levels of
chlorpyrifos can occur via ingestion of contaminated food, inhalation of airborne particles,
contact with household dust and residues, and living near agricultural fields treated with the
compound (Fenske, et al., 2002).

The presence of chlorpyrifos in the environment poses a particular danger to children. In the
general US population, urine metabolites associated with chlorpyrifos are higher in children
(6 to 11 years) than in adults (Crinnion, 2010; Lambert et al., 2005). Children exposed to
chlorpyrifos while in the womb have an increased risk of delays in mental and motor
development at age three and an increased occurrence of pervasive developmental disorders
such as attention deficit hyperactivity disorder (ADHD) (Rauh et al., 2006). Recent studies
in rodents exposed to chlorpyrifos show that altered neurogenesis and neurotransmission
may occur even without overt signs of cholinergic toxicity (Aldridge et al., 2005; Betancourt
et al., 2006; Howard et al., 2005; Ricceri et al., 2006; Roy et al., 2005; Slotkin et al., 2006a,
2006b). Chlorpyrifos can also disrupt the developing brain during glial cell proliferation and
differentiation which can further contribute to alterations in myelin synthesis, changes in
synaptic plasticity, and in general lead to abnormalities in morphology (Garcia et al., 2005).
Prenatal exposure to low level organophosphorus pesticides and in particular chlorpyrifos
have been shown to be associated with poor intellectual development in 7-year old children
and increased frontal and parietal cortical thinning with increased exposure (Bouchard et al.
2011; Rauh et al., 2012). The evidence of increased exposure of children to
organophosphorus pesticides correlating with increased incidence of neurological deficits
highlights the importance of detecting abnormalities in brain metabolites that may be used as
prognostic measures of the severity of the intoxication. Given the near ubiquitous presence
of these pesticides in the modern environment (Crinnion, 2010), it is recognized that there is
a need to improve the detection and monitoring of their subtle, yet detrimental neurological
effects.

The sensitivity, precision, and non-invasive nature of MRI makes it a valuable in vivo
method to analyze the temporal and spatial evolution of brain pathology following exposure
of guinea pigs to organophosphorus compounds (Gullapalli et al, 2010). Specifically, it has
been demonstrated that T2 is significantly shortened in different brain regions of guinea pigs
exposed to this nerve agent. Measurements of transverse relaxation time (T2 or T2*) were
proven to be very sensitive in detecting disruption of the structural integrity of the brain
following a single exposure to soman. T2* mapping technique is a preferred magnetic
resonance imaging (MRI) method used to measure iron concentrations indirectly, with
higher T2* relaxation times being associated with lower iron levels (House, et al., 2007;
Langkammer, et al., 2010). Abnormal iron accumulation in brain tissue is strongly linked to
oxidative stress and neurodegenerative disorders such as Parkinson's and Alzheimer's
diseases (Brass, et al., 2006; Berg, et al., 2006). It is possible that neurodegeneration
stemming from chlorpyrifos exposure may be detectable with this method, with affected
brain areas being characterized by shortened T2* relaxation times.
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In addition to MRI having high sensitivity to detect subtle structural brain changes induced
by neurotoxins, localized in vivo 1H MRS provides a unique opportunity for non-invasively
measuring neurotoxicant-induced alterations in brain metabolism (Xu et al., 2011). A wealth
of neurochemical information can be obtained from high resolution 1H MRS of the brain.

N-acetylaspartate (NAA), one of the most salient metabolites in the spectrum, is an amino
acid specific to neurons, and as such, is indicative of their presence and level of function
(Tallan et al., 1956, Birken et al. 1989). In a similar manner, myo-inositol (mI) is a vital
component of the phosphatidylinositol second messenger system and is a reliable marker of
astrocytes (Kim, et al., 2005; Brand, et al., 1993). Choline (glycerophosphocholine +
phosphocholine, GPC+PCh) is known to be associated with cellular density and membrane
turnover (Miller, et al., 1996), in addition to being the precursor of acetylcholine, a
neurotransmitter greatly affected by chlorpyrifos (Cohen & Wurtman, 1975). Glutamate
(Glu) and glutamine (Gln) are associated with neurotransmission, with Glu being the most
abundant excitatory neurotransmitter. Glu plays a key role in long-term potentiation, a
cellular mechanism underlying learning and memory (Riedel, et al., 2003; McEntee &
Crook, 1993), though excess of Glu in the brain has also been associated with excitotoxicity.
Gln is vital to cerebral function, being involved in detoxification and regulation of
neurotransmitter activities. Gln is synthesized from Glu by glutamine synthetase in
astrocytes (Ross, et al., 1991). Together, these common and reliably detectable metabolites
along with structural assessment can provide important information on the metabolic and
functional integrity of the brain.

In the present study we examined the effect of a single sub-lethal exposure of prepubertal
guinea pigs to chlorpyrifos on the structural and biochemical integrity of the brain in
adulthood. Guinea pigs (Cavia porcellus) were selected as the ideal animal model in this
study, due both to their similarities to humans in terms of relative brain development after
birth, and the sensitivity of their cholinergic system to organophosphorus pesticides.
Specifically, rats and mice have higher levels of circulating carboxylesterases, enzymes that
hydrolyze and inactivate organophosphorus agents, making them a far less sensitive model
of exposure to organophosphorus toxicants (Albuquerque et al., 2006 ; Fonnum, et al., 1985;
Ecobichon, Dykeman, & Hansell, 1978). Guinea pigs also give birth to young that are
neuroanatomically mature and are a closer match to humans in the timing of prenatal and
postnatal development (Dobbing & Sands, 1970).

2. Methods
2.1 Animal Model

A total of 12 female Hartley Guinea Pigs ([Crl(HA)Br]; 35–40 days old) were obtained from
Charles River Laboratories (Wilmington, MA) and acclimated for a period of seven days
before treatment. Animals were kept in a light- and temperature-controlled animal care
facility, with food and water provided ad libitum. Individual animals were randomly and
equally assigned to either the chlorpyrifos treatment group or the vehicle group. The
treatment group was injected subcutaneously between the shoulder blades with chlorpyrifos
(ChemService, West Chester, PA) dissolved in peanut oil (300 mg/kg, from Sigma Aldrich,
St.Louis, MO), and the vehicle group was injected with peanut oil (0.5 ml/kg, sc).

The oral LD50 of chlorpyrifos in guinea pigs is 504 mg/kg, and in general, the oral and
subcutaneous LD50s of organophosphorus compounds are very similar (McCollister, et al,
1974). Thus, the dose of chlorpyrifos used here corresponds to approximately 0.6×LD50,
which has been reported to be below the threshold for organophosphorus-induced seizures
(Shih et al., 1997) Animals were dosed with chlorpyrifos subcutaneously rather than orally
because the soft palate of the guinea pig is continuous with the base of the tongue, and the
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opening through which to pass a feeding tube is very small. Despite all the care to avoid
damage to the oral cavity, gavage is very stressful to guinea pigs and interferes with their
normal feeding behavior.

Animals were monitored every 15 minutes after treatment for the first 2 hours, and then
every hour for the next 8 hours. No animals displayed signs of overt toxicity. The Morris
Water Maze (MWM) test and in vivo MRI/MRS scans were performed one year after
administration. All experiments were carried out in accordance with the rules and
regulations set forth by the University of Maryland School of Medicine Institutional Animal
Care and Use Committee regarding the care and use of animals under a protocol approved
by the committee, and complied with the principles of the '1996 Guide for the Care and Use
of Laboratory Animals.

2.2 Morris Water Maze Test
At 11 months after chlorpyrifos or vehicle administration, the MWM, a behavioral task that
is dependent on the integrity of hippocampal functioning (Morris, 1984), was used to assess
the cognitive performance of the animals. Animals were tested according to the protocol
described in Mamczarz et al, 2011. A large circular galvanized tub (180-cm diameter, 60-cm
height) was filled with tap water mixed with non-toxic black tempera paint to a depth of 40
cm. The tub was divided virtually into four quadrants. Upon placement in the water, the
animals were allowed to swim to find a hidden and submerged platform (27 cm in diameter)
placed in the center of one of the quadrants. Navigation to the platform was aided by visual
cues in the room visible from the animal's perspective in the maze.

Animals underwent five consecutive training sessions consisting of four swimming trials per
day, with the probe test performed 72 hours after the last learning trial. During the training
sessions, a maximum of 90 seconds was allowed for the animals to find the submerged
platform. After the animal remained on the platform for 15s, it was removed to a shredded
paper-bedded cage with a ceramic heat lamp until dry. The starting quadrant was assigned
pseudo-randomly for each trial, while the submerged platform was kept in a constant
position. During the probe test, the platform was removed from the tub and the animals were
allowed to swim for 90s. A video camera coupled with the video tracking program Any-
Maze (Stoelting Co, Wood Dale IL) was used to record and track the location of the animals
during the experiment. The time to reach the submerged platform (referred to as escape
latency) was recorded for each trial in each training session. The mean escape latency was
taken as a learning index as described inMamczarz et al. (2011). In addition, the pattern of
swimming, including the number of crossings in the area where the platform used to be
located, was analyzed during the probe test. If the animals retain memory of the platform
position acquired during training, they will show bias toward swimming close to area where
the platform used to be located.

2.3 In vivo MRI/MRS Procedures
At the end of the behavioral tests, animals were subjected to in vivo imaging. All MRI/MRS
experiments were performed on a Bruker Biospec 7.0 Tesla 30 cm horizontal bore scanner
(Bruker Biospin MRI GmbH, Germany). The system was equipped with a BGA20S gradient
system capable of producing 200-mT/m gradient field and interfaced to a Bruker Paravision
5.0 console. A Bruker fourelement 1H surface coil array was used as the receiver and a
Bruker 154 mm inner diameter circular coil as the transmitter. Each guinea pig was
anesthetized in an animal chamber using a gas mixture of O2 (1 L/min) and isoflurane (4%;
IsoFlo, Abbot Laboratories, North Chicago, IL). The animal was then placed prone in an
animal holder and the radiofrequency (RF) coil was positioned and fixed over the brain of
the animal. The animal holder was moved to the center of the magnet for imaging and the
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isoflurane level was changed to 3%. The level of isofluorane was further adjusted based on
the respiration rate changes of the animal for the remainder of the experiment. An MR-
compatible small-animal monitoring and gating system (SA Instruments, Inc., New York,
USA) was used to monitor the animal respiration rate and body temperature. The animal
body temperature was maintained at 36–37°C using warm water circulation through a
heating pad.

A scout image consisting of three slices (one each in the axial, mid-sagittal, and coronal
plane) was used to localize the guinea pig brain. A rapid shimming protocol (FASTMAP)
was used to reduce the external magnetic field inhomogeneity within the region of interest
(Gruetter, 1993). A Rapid Acquisition with Relaxation Enhancement (RARE) sequence was
used to obtain T2-weighted MR images with repetition time/effective echo time (TR/TEeff)
= 6197/60 ms, echo train length = 8, field of view (FOV) = 35 × 35 mm2, matrix size = 256
× 256, slice thickness = 1 mm, number of slices = 24, and number of averages = 2, in the
coronal plane.

T2* Images were obtained on three vehicle treated and four chlorpyrifos treated guinea pigs
using thirteen gradient refocused echoes with the TE of the first echo being 4.5 ms and the
remaining echoes being spaced 5.5 ms apart. Four contiguous coronal slices were placed to
cover the bulk of the striatum, hippocampus, and thalamus. These images were obtained at a
TR of 1.5 s covering 35 mm FOV using 2 mm slice thickness at a matrix resolution of 112 ×
112 using four averages in the coronal plane.

For 1H MRS, adjustments of all first- and second-order shims over the voxel of interest were
accomplished with the FASTMAP procedure. Typically, the in vivo shimming procedure
resulted in approximately 10.8 to 11.7 Hz full-width half maximum line-width of the
unsuppressed water peak over the spectroscopy voxel. The water signal was suppressed by
variable power RF pulses with optimized relaxation delays. Outer volume suppression
combined with point-resolved spectroscopy (PRESS) sequence was used for signal
acquisition, with TR/TE = 2500/20 ms, spectral bandwidth = 4 kHz, number of data points =
2048, number of averages = 600. Localized 1H MRS were acquired from the right
hippocampus (3 × 5 × 2 mm3; Figure 2) for each of the guinea pigs. MRS data were
acquired immediately following the structural MRI acquisition.

2.4 MR Image and Spectrum Processing
Brain volume measurements were made in the hippocampus, parenchyma, and ventricular
regions. The volumes of parenchymal (white + gray) and ventricular areas were calculated
with the userguided tools available within Medical Image Processing, Analysis, and
Visualization software (MIPAV v5.3.1, CIT, NIH, Bethesda, MD; McCauliffe et al., 2001).
Hippocampal volume was outlined manually on coronal T2-weighted MR images.
Anatomical areas were verified with the guinea pig atlas published by Rapisarda &
Bacchelli (1977). Manual tracing on coronal T2-weighted MR images was used to
differentiate cerebrospinal fluid (CSF) and sinus areas from ventricles, and to delineate the
borders of the hippocampus. T2* values were computed in select ROIs (amygdala, cortex,
hippocampus, striatum, and thalamus) were measured with a home-made MATLAB
procedure. 1H MRS data were fitted using the Linear Combination of Model spectra
(LCModel) package (Provencher, 2001). The mean metabolite concentration relative to total
Creatine (tCr) was calculated for later statistical analysis of spectroscopy data.

2.5 Statistical Analysis
Results obtained from chlorpyrifos- and peanut oil-exposed guinea pigs were compared
using unpaired Student's t-test. Pearson's ‘r’ was used to assess correlations between Morris
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Water Maze latencies and MRI modalities. For spectroscopy data, Cramér-Rao lower
bounds (CRLB) as reported from the LCModel analysis were used for assessing the
reliability of the major metabolites. Only metabolites with a CRLB ≤ 20 % were included in
the analysis.

3. Results and Discussion
Figure 1 illustrates the anatomic T2-weighted images which covered the main regions of
interest in this study from a chlorpyrifos-injected and a vehicle-injected guinea pig,
respectively. The T2- weighted MR images did not display any apparent qualitative
abnormalities between the animals injected with chlorpyrifos and vehicle. No gross
volumetric differences existed between the whole brain parenchyma of animals in either
group (3397.1 ± 48.5 mm3 in chlorpyrifos treated vs 3308.7 ± 51.3 mm3 in control animals;
p = 0.24). Segmentation of the ventricular areas also revealed no significant difference (56.8
± 4.9 mm3 in chlorpyrifos treated vs 56.5 ± 5.1 mm3 in control animals; p = 0.97). There
were no group differences (225.1 ± 15.4 mm3 in chlorpyrifos treated vs 229.5 ± 3.1 mm3 in
control animals; p = 0.5) between the volumes of the hippocampus using manual ROI-based
delineation or when the hippocampus was normalized to the whole brain volume
(Parenchyma + Ventricular areas). T2* values were also comparable between chlorpyrifos-
and saline-injected guinea pigs (Table 1). However, a trend towards shortened T2*
relaxation times was observed in the hippocampus, striatum, and amygdala in the group of
chlorpyrifos-injected animals which may suggest an accumulation of iron in these regions.

Examples of typical in vivo 1H MR spectra of the chlorpyrifos- and vehicle-injected guinea
pigs are shown for the hippocampus in Figure 2. The spectroscopic voxel predominantly
covers the hippocampus as shown in this figure indicated by the white box in the anatomic
MR image. The spectra provided neurochemical profile of 10 metabolites, and only those
metabolites with CRLB below 20 % were quantified. There were no statistically significant
differences in Gln, Glu, Glu + Gln, GPC, GPC + PCh, NAA, and NAA + N-acetylaspartate
glutamate (NAAG) levels in the hippocampus (Figure 3). In addition, levels of these
metabolites in the striatum were not significantly different between the two groups.
However, quantitative analysis of the spectral data showed that levels of myo-inositol (mI)
were significantly lower in the hippocampi of chlorpyrifos-injected animals compared to
control (vehicle-injected) animals (Figure 3).

Performance in the MWM was significantly different between chlorpyrifos- and peanut
oilinjected animals and the chlorpyrifos treated animals also showed significant memory
retention impairment in the MWM test. The learning index of chlorpyrifos-injected animals
was significantly larger than that measured with saline-injected animals (72.4 ± 16.5 s vs.
51.2 ± 8.6 s, p < 0.05). In addition, during the probe test, chlorpyrifos-injected guinea pigs
showed significantly less bias towards the platform area in the training quadrant than did
control animals. Significant reduction (p < 0.05) in the number of crossings of the target
platform area in the group of animals injected with chlorpyrifos (1.5± 0.5) was observed
compared to the control group (3.8±0.9). Taken together, these results suggest an
impairment of hippocampal-dependent cognitive processing in chlorpyrifos-injected
animals. Bivariate partial correlations revealed a trend between the learning indices and mI
values from 1H MRS on both hippocampus (r = −.56, p = .06) and striatum (r = .50, p = .
099) for the chlorpyrifos-injected animals.

Myo-inositol (mI) is actively used in neurons, but is primarily stored and thus detected in
astrocytes. While pragmatically viewed as a useful marker of glial cells in 1H MR
spectroscopy, mI actually serves several important biological roles: as an osmolyte
(Thurston et al., 1989), as a growth factor (Ross, 1991), as a precursor of membrane
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phospholipids (Holub, 1986), and as a vital precursor molecule in the phosphatidoinositol
(PI) signaling system (Berridge, et al., 1989; Kim et al., 2005). It is the role of mI in the PI
cycle and PI3K/Akt signal transduction that best explains the results from this study.

In neurons, the PI cycle causes a signal cascade that results in activation of protein kinase C
(PKC) and the release of the intracellular calcium stores, easing depolarization and
subsequent neuronal firing. Impairment of this cycle due to lack of mI precursors, may result
in inactivation of the affected neurons, as they have less access to the calcium stores used to
sensitize their firing threshold. An example of this same phenomenon is seen in the effects
of lithium and valproic acid (VPA) acting to deplete mI in the cerebral cortex of patients
with bipolar symptoms (Harwood, 2005). The effects of such neuronal inactivation in the
hippocampus could explain the deficits in the hippocampal-dependent water maze task seen
in the current study. It is also noteworthy that mI is phosphorylated by the enzyme
phosphoinositide 3-kinase (PI3K). PI3K is a family of signal transducer enzymes that
promote cell survival by phosphorylating and inhibiting proapoptotic proteins. PI3K
mediates the prosurvival action of neurotoxic N-methyl-D-aspartate in cerebellar granule
neurons (Zhang et al., 1998). The decreased mI in hippocampus of chlorpyrifos-injected
animals could lead to alterations in PI level, and potential alterations in the PI3K signaling
pathways. Lithium has been shown to act on PI3K (Kang et al., 2003) and protect
phencyclidine-induced neurotoxicity in the developing brain (Xia et al. 2008). In addition,
PI3K has also been implicated in long-term potentiation which is widely considered one of
the major cellular mechanisms that underlies learning and memory (Bliss and Collingridge,
1993; Cooke and Bliss, 2006). The alteration of the PI3K signaling pathway by decreased
mI level may be important determinants of the memory deficits seen in chlorpyrifos-injected
animals.

The metabolic changes observed at one year after exposure to chlorpyrifos treated animals
without any accompanying morphological changes is particularly interesting. The lack of
morphological changes is consistent with the observation of Aldridge, et al., (2005), who
demonstrated no significant changes in the weights of various brain regions weights at 5
months after exposure following administration of 1 mg/kg chlorpyrifos daily to neonatal
rats on postnatal days 1–4. Furthermore, they found global upregulation of 5HT-related
synaptic proteins and suggest that the effect of chlorpyrifos exposure on the 5HT system
may be permanent. Although, unrelated, a relatively recent study demonstrated an inverse
relationship between 5HT activity and mI using proton MRS upon 3,4-
methylenedioxymethamphetamine (MDMA) administration in rats (Perrine et al., 2010).
Decreases in mI, one year after pre-pubertal exposure to chlorpyrifos in this study may be a
result of the long-term effect on the serotonin system which indirectly affects the
phosphotidyl inositol signaling pathways.

Although it was only possible to obtain T2* measurement on a few animals (3 controls, 4
chlorpyrifos), and no conclusive statements can be made, the idea of a relation between iron
content and mI is intriguing because of the known action of some inositol phosphates in
reducing cellular iron uptake by chelation (Skoglund, et al., 1999, Brune et al., 1992).
Inositol tri- and tetraphosphates similar to those found in the PI cycle are also known to
modulate iron uptake and absorption (Han et al., 1994). The current study showed a non-
significant trend towards increased iron concentrations coinciding with the significantly
decreased mI concentration. Accumulation of iron has been implicated in various
neurological disorders including multiple sclerosis, Parkinson’s, and Alzheimer’s disease
(Du et al., 2011; Khalil et al., 2011; Railey et al., 2011), While any conclusion from the
observation of the link between mI and possible increased brain iron would be premature,
the relationship between the two should be explored further with a larger sample size as it
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may provide important insights into the long-term predisposition for the development of
neurological deficits following an exposure to pesticides at early ages.

Conclusion
In this study, we demonstrated a decrease of mI content in the hippocampus one year after a
single administration of chlorpyrifos (0.6×LD50) to young guinea pigs using in vivo 1H MR
spectroscopy. The reduction of hippocampal mI levels correlated with the severity of the
memory deficits that were detected in the MWM, suggesting that even a single exposure to a
sublethal dose of chlorpyrifos during adolescence can lead to long lasting memory
impairments. Our findings suggest that the effects of an exposure to chlorpyrifos exposure
are most evident in the astrocytic glial cells of the hippocampus and may affect the
phosphotidyl inositol signaling pathways. As there were no volumetric differences between
the control and chlorpyrifos groups, the mI decrease may be a result of a deficit in astrocytic
function rather than loss of astrocytes. This notion is further supported by the trend to
reduced T2* in several brain regions, including the hippocampus. Further studies on the time
course of changes in brain metabolites in vivo, and its relationship to T2* changes may
provide important information on the pathophysiology of CNS changes following single and
continuous sub-lethal exposure to pesticides.
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Figure 1.
Axial T2-weighted images from the brain of a vehicle (top row) and a chlorpyrifos treated
guinea pig (bottom row).
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Figure 2.
Localized in vivo 1H spectra in hippocampus from the control and chlorpyrifos-treated
guinea pigs. The spectroscopy voxel is indicated by the white box in the T2-weighted
images. Creatine (tCr), glutamate (Glu), glutamine (Gln), glycerophosphorylcholine (GPC),
myo-inositol (mI), N-acetylaspartate (NAA), phosphocreatine (PCr), phosphocholine (PCh),
and taurine (Tau).
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Figure 3.
Metabolite to total creatine ratios (Mean ± SD) measured in the hippocampus from animals
injected with peanut oil or chlorpyrifos. Error bars represent standard deviation. Gln:
glutamine, Glu: glutamate, GPC: Glycerophosphocholine, mI: myo-inisotol, NAA:
Nacetylaspartate, NAAG: N-acetylaspartyl glutamate, and PCh: Phosphocholine.
* indicates p< 0.05.
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Table 1

T2* values (mean ± SE) in the different regions of the guinea pig brains in vehicle- (n=3) and chlorpyrifos-
(n=4) treated groups.

Region Vehicle
Treated

(ms)

Chlorpyrifos
Treated

(ms)

p-value

Amygdala 17.3±2.7 15.0±2.0 0.26

Cortex 21.4±2.2 24.8±2.0 0.30

Hippocampus 29.8±6.8 25.4±4.5 0.60

Striatum 32.9±1.6 28.7±1.8 0.48

Thalamus 25.2±3.6 24.4±3.2 0.86
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