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Introduction 
     Chlorpyrifos is a common agricultural pesticide primarily known for its action as an acetylcholinesterase (AChE) inhibitor. Both human and animal studies have 
revealed that neurodevelopmental deficits can stem from exposure to this organophosphorus compound, even at doses that do not elicit the more overt symptoms of 
cholinergic toxicity1. The standard correlates of typical neurodevelopmental deficits include increased iron concentration2, N-Acetyl Aspartate (NAA) reduction3, myo-
inositol (mI) reduction4, and gross anatomical changes. As these factors lend themselves well to investigation with MR technology, the primary goal of this study was to 
test the hypothesis that 1H MR Spectroscopy, T2 anatomical images, and T2* relaxation rates can be used to detect brain structural and metabolic alterations induced by 
a single exposure to chlorpyrifos. To our knowledge, this is the only study that examines the utility of MR methods in detecting chlorpyrifos 
related CNS deficits.  
 
Materials and Methods 
 
Animal model 
     Twelve prepubertal female Hartley guinea pigs (35-45 days old) were acclimated for a period of 
seven days before start of experiments. Guinea pigs are the preferred rodent model for this experiment 
due to their similarities to humans in both neurodevelopment and sensitivity to organophosphorus 
toxicants.5  Individual animals were randomly assigned to either the chlorpyrifos treatment or the 
vehicle group. The treatment group was injected subcutaneously with chlorpyrifos (300 mg/kg). 
Control animals were injected with the vehicle, peanut oil (0.5 ml/kg). No animals displayed signs of 
overt toxicity. Morris Water Maze testing and in vivo MRI/MRS scans were performed one year after 
the treatment. The experimental protocol was approved by the Institutional Animal Care and Use 
Committee at the University of Maryland. 
 
MRI/MRS experiments 
     All 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 pulse gradients of 300 mT/m in each of the three axes, and interfaced to a Bruker Paravision 5.0 console. A 
Bruker four-element 1H surface coil array was used as the receiver and a Bruker 154 mm circular coil as the transmitter. The guinea pig was anesthetized in an animal 
chamber using a gas mixture of O2 (1 L/min) and 4% isoflurane. The animal was then placed prone in an animal holder and the RF coil was positioned and fixed over 
the cranium. High-resolution T2-weighted images were obtained using a TurboRARE acquisition with repetition time/effective echo time (TR/TEeff) = 6197/60 ms, 
echo train length = 8, field of view (FOV) = 35 x 35 mm2, matrix size = 256 x 256, slice thickness = 1 mm, number of slices = 24, and number of averages = 2, in the 
axial plane were obtained for anatomical and segmentation analysis. T2* Images were obtained using a thirteen echo gradient echo technique with the first echo at 4.5 
ms, echo spacing of 5.5 ms, TR =1.5 s, FOV = 35 x 35 mm2, matrix size = 112 x 112, slice thickness = 2 mm, number of slices = 4, and number of averages = 4, in the 
axial plane. For 1H MRS, adjustments of all first- and second-order shims over the voxel of interest were accomplished with the Fastmap procedure. The in vivo 
shimming procedure resulted in approximately 10.8 – 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 radiofrequency (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 msec, spectral bandwidth = 4 kHz, number of data points = 2048, number 
of averages = 600. Localized 1H MRS were acquired in the hippocampus (3 x 5 x 2 mm3; Figure 1), 
immediately following the above imaging acquisitions.  
 
Results 
     Chlorpyrifos-injected guinea pigs spent a significantly longer amount of time than control animals to find 
the hidden platform in the MWM (p < 0.05), suggesting a decrease in hippocampal function. The T2-weighted 
MR anatomical images did not show any apparent qualitative abnormalities in the treated group compared to 
the vehicle group. No gross volumetric differences existed between chlorpyrifos-injected and control animals. 
Segmented volumetric analyses of the brain parenchyma, hippocampal, and ventricular areas also revealed no 
significant difference between the two groups of animals. Quantitative analysis of the spectral data (Table 1) 
showed a significant mI decrease in the hippocampus of chlorpyrifos-injected guinea pigs (p < 0.05) 
compared to control.  The correlation coefficient (r) between the magnitude of the cognitive deficits in the 
MWM and the decrease in mI observed in the guineas pigs was -0.56 (p = 0.061). 
 
Discussion and Conclusions 
     The key finding of this study was a significant decrease in mI in the hippocampus of chlorpyrifos-injected guinea pigs, as measured by in vivo 1H MR spectroscopy. 
As mI is a glial-cell marker4, it can be inferred that the effects of a single exposure of prepubertal guinea pigs to chlorpyrifos are most evident in the astrocytic glial cells 
of the hippocampus. It is debatable at this point whether this difference is due to a reduction in the number of astrocytes or an impairment of their function. As there 
were no volumetric differences between groups, the argument leans toward the mI decrease being a deficit of function rather than number of glial cells. 
     The study is limited by the small sample size, which underpowered some of the analyses. A potential significant correlation between reduction in hippocampal mI in 
guinea pigs and spatial learning deficits resulting from an acute chlorpyrifos exposure would validate the use of 1H MR spectroscopy as a method with which to identify 
subtle metabolic alterations that may be of relevance to predict the behavioral outcome of humans exposed to organophosphorus pesticides.  
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Figure 1: Localized in vivo 
1H spectra in hippocampus 
of vehicle and chlorpyrifos-
treated guinea pigs. The 
spectroscopy voxel is 
indicated by the white box in 
the anatomic MR image. γ-
aminobutyric acid (GABA), 
creatine (Cr), glutamate 
(Glu), glutamine (Gln), 
glycerophospholcholine 
(GPC), lactate (Lac), myo-
inositol (Ins), N-
acetylaspartate (NAA), 
phosphocreatine (PCr), 
phosphorylcholine (PCh), 
and taurine (Tau).

Table 1: Metabolite to total creatine ratios measured in hippocampus 
from vehicle and chlorpyrifos_treated groups. NAA: N-Acetyl 
Aspartate, NAAG: N-Acetyl Aspartyl Glutamate, GPC: 
Glycerophosphocholine, PCh: Phosphocholine 

 n vehicle chlorpyrifos p 

Glutamate 
GPC 
Myo-Inositol 
NAA 
Taurine 
GPC + PCh (Choline) 
NAA + NAAG 
Glutamate + Glutamine 
Glutamine 

6/6 
6/6 
6/6 
6/6 
3/4 
6/6 
6/6 
6/6 
5/6 

.73 ± .13 

.17 ± .07 
1.44 ± 0.7 
.50 ± .11 
.19 ± .04 
.63 ± .12 
.63 ± .12 
1.13 ± .26 
.49 ± .26 

.63 ± .22 

.21 ± .04 
1.30 ± .12 
.48 ± .11 
.16 ± .07 
.21 ± .04 
.64 ± .10 
1.19 ± .28 
.56 ± .20 

.349 

.225 
.046* 
.826 
.806 
.392 
.866 
.734 
0.59 
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