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Exposure to chlorpyrifos (CPF), an organophosphorus pesticide, is a serious
worldwide health concern. Aside from issues of acute toxicity, a major focus of this
concern is its harmful long-term effects on neurodevelopment in humans and animals. By
employing MR techniques as well as standard animal behavioral tasks, we test the
hypothesis that exposure to a sub-lethal dose of CPF causes neurodevelopmental deficits
that are dependent on both the developmental stage of exposure and the extent of
maturity after exposure. The scope of this hypothesis necessitates the examination of
these neurodevelopmental effects in a guinea pig animal model over a range of
neurodevelopmental stages, from gestation to maturation. In addition to studying normal
development as a baseline, our investigation focused on the neurological deficits
associated with CPF exposure in the prenatal and prepubertal periods, and examined the
persistence of these effects into maturity.
Our results demonstrated that normal development of the guinea pig brain was
characterized by clear age-related increases in overall brain volume, white matter

integrity, and microstructural complexity. Prenatal exposure to CPF resulted in decreases
in forebrain volume, grey and white matter integrity, and spatial learning performance,
with these effects being primarily associated with the integrity of the striatum and
amygdalae. Prepubertal exposure to CPF yielded more complex results over
development, which depends on the age of the animal at the time of examination.
Significant spatial memory impairments and reductions in hippocampal myo-inositol
were observed in mature animals a year after prepubertal exposure to CPF, while at the
adolescent and young adult stages there were instead behavioral signs of anxiety,
cytotoxic edema in the corpus callosum, striatum, and thalamus, and oxidative stress in
the cerebral cortex. In the hippocampus there was a potentially neuroprotective glutamine
response that may explain the lower severity of the effects in the young adult age
compared to the more severely afflicted mature adults.
These findings provide compelling evidence in support of the above
neurodevelopmental CPF hypothesis. The key findings of these experiments are that
lifelong deficits in brain function result from even a single exposure to CPF, vary greatly
depending on the neurodevelopmental stage at time of exposure, and increase in severity
as the animal matures. This knowledge of the complex neurodevelopmental effects of
CPF aids future preventive measures, informs human translational research, and acts as a
solid basis for further mechanistic animal studies.
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I. GENERAL INTRODUCTION
Organophosphorus (OP) pesticides account for more than 50% of the pest-control
agents used worldwide (U.S. EPA, 2006). The general class of OP compounds covers
common pesticides such as malathion, parathion, diazonon, and chlorpyrifos, as well as
highly lethal chemical warfare agents such as soman, sarin, tabun, and VX (Terry, 2012).
Of these OP compounds, chlorpyrifos (CPF) is one of the most commonly used OP
pesticides in the U.S., where approximately 3.2 to 4.1 thousand tons are used per year due
to its low cost and broad effectiveness (Solomon et al., 2014). Unfortunately, numerous
studies have repeatedly shown evidence of severe developmental deficits in both animals
and humans resulting from exposure to CPF, even at doses known to be below the
threshold for overt toxicity (P. Eriksson, 1997; Ray & Richards, 2001).
I-A. Overview of Chlorpyrifos
Chlorpyrifos is a member of the organophosphorus class of pesticides, and is
more fully described as chlorpyrifos, O, O-diethyl o-3,5,6-trichloropyridin-2-y1
phosphorothioate, O, O-diethyl O-3,5,6-trichloropyridin-2-y1 phosphothorothiate,
chlorpyrifos-ethyl. The acute neurotoxic effect of CPF is to irreversibly inhibit
acetylcholinesterase (AChE, choline hydrolase, EC 3.1.1.7) in the central and peripheral
nervous system via its oxon metabolite, chlorpyrifos-oxon (Fukuto, 1990; Sultatos,
1994). In a properly functioning nervous system, AChE regulates the amount of
acetylcholine (ACh) that remains in the synaptic cleft between synaptic firings. When an
OP compound inhibits AChE, it results in cholinergic overstimulation due to unchecked
ACh accumulation at the post-synaptic terminal. The eventual result of this cholinergic
overstimulation is the onset of cholinergic syndrome (salivation, lachrymation, emesis,
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urination, defecation, gastro-intestinal distress) and potential death due to respiratory
failure. In humans, some common symptoms of acute OP intoxication include
impairments in concentration, cognition and motor function, anxiety, irritability,
confusion, tremor, and seizures (H. S. Levin & Rodnitzky, 1976). Insects have far less
effective systemic means of detoxifying OP compounds than mammals, which accounts
for the appeal of OP agents for use as an insecticide. Though the acute effect of CPF
administration is thus more dangerous to insects, its chronic effect on humans and other
animals are still of great concern.
Chlorpyrifos entered into the marketplace in 1965, when it was first sold as a
broad-spectrum insecticide for both agricultural and residential use. Though it was later
banned for residential use in the US in 2001 due to the potential harm to children exposed
to contamination at home, it is still widely used agriculturally (U.S. EPA, 2006). Children
in rural communities thus face a higher risk of exposure as agricultural usage of CPF is
focused in those regions (Fenske, Lu, Barr, & Needham, 2002; Lambert et al., 2005).
Since the residential ban, the main concerns of exposure to CPF are the occupational
exposure of agricultural workers and accidental ingestion, especially by children. Nonoccupational “background” levels of exposure to CPF in the US are far lower than what
would be required to cause toxic AChE inhibition. For reference, the background
exposure of a typical US citizen is estimated to be lower than 0.001-0.01 µg/kg per day in
the years after the ban (Eaton et al., 2008). However, CPF was still implicated in
hundreds of poisoning incidents and even fatalities nationwide during that time, so the
actual upper limit of potential exposure can be unacceptably high (US EPA, 2013).
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The relevance of this issue is by no means limited to the USA. Human exposure
to OP compounds, including CPF, is a major worldwide health concern. This is true for
both developing and developed countries, where regulations on its use vary greatly
(Buckley, Roberts, & Eddleston, 2004). In third world countries, poisoning by OP
compounds is a major cause of morbidity and mortality, and the lack of appropriate
regulation, infrastructure, and health monitoring in third world countries compounds this
danger

(Chidiebere

Uchendu,

2012;

Peter

&

Cherian,

2000).

Studies

on

neurodevelopmental effects of CPF in other countries are lacking but should be
generalizable to most populations depending on exposure levels.
I-B. Developmental Impact of Chlorpyrifos
The general portrait of current and past research in this area is one in which CPF
is known to be a neurodevelopmental hazard but multiple explanations are proposed to
account for it. Currently, the literature is not entirely settled on the specific mechanism,
resulting morphology, and developmental timing of these neurological effects due to a
lack of longitudinal in-vivo studies. In addition to scientific interest in what these deficits
may reveal about the nature of brain development, there is also great concern for the
welfare of humans exposed to this compound, which is near ubiquitous and unregulated
in many areas of the world. Understanding the time course, morphology, and imaging
markers of these deficits would aid in assessing risk to different age groups as well as
inform further study on potential treatments and prevention.
I-B1. Background: CPF in Cell Culture
When considering a biological mechanism of action, it is of course useful to
consider the findings from cell culture experiments, which have strong (if varied)
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mechanistic explanations for the effects of this compound. Numerous relevant cell culture
experiments revealed that exposure to CPF was cytotoxic to both neurons and glia
(Caughlan, Newhouse, Namgung, & Xia, 2004; W. Li & Casida, 1998), inhibited
macromolecular RNA and DNA synthesis (S J Garcia, Seidler, Crumpton, & Slotkin,
2001; Qiao, Seidler, & Slotkin, 2001; X. Song, Violin, Seidler, & Slotkin, 1998),
decreased the presence and function of cholinergic neurotransmitter receptors (M. D.
Howard & Pope, 2002; Y. Wu, Sun, & Carey, 2003), disrupted the adenylate cyclase
(AC) signal transduction pathway (S J Garcia et al., 2001; Huff, Corcoran, Anderson, &
Abou-Donia, 1994), and impaired neuronal differentiation (Das & Barone, 1999; A. S.
Howard et al., 2005; W. Li & Casida, 1998).
A cell culture study with particular relevance to this topic showed that exposure to
CPF in a rat sympathetic ganglia neuronal culture inhibited axonal outgrowth, decreased
axonal length, and stunted dendritic maturity (A. S. Howard et al., 2005). In another
informative study, CPF was also shown to inflict oxidative stress, and was decidedly
more toxic to cultured glial cells than neurons (Garcia et al., 2005). Taken together, these
particular findings help explain many of the following specific neurodevelopmental
effects seen as a consequence of exposure to CPF.
I-B2. Background: Animal Studies of CPF
Numerous animal studies have confirmed both short and long term neurological
consequences of CPF exposure. The excess of cholinergic stimulation from CPF’s effect
at the neural synapse disrupts the trophic role of ACh receptors and their associated
signaling cascades during development, though noncholinergic mechanisms are also
necessary to explain some of the adverse long-term effects (Slotkin, 2004; Terry, 2012).
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The following review of literature will focus on the distinction between the direct
cholinergic and more diverse developmental effects, as well as how prior studies have
characterized the effects of CPF over different developmental time points.
Some neurodevelopmental effects of CPF are well explained by its cholinergic
action as an irreversible AChE inhibitor. In studies of this type, rats or mice were
administered doses of CPF at various stages in their lifespan, from gestation to adulthood.
In rats exposed to CPF during gestation, there were alterations in cholinergic
neurochemistry at the synapse and a reduced effectiveness of enzymatic mechanisms to
metabolize acetylcholine. Specifically, prenatal CPF exposure resulted in dramatic
reductions in brain AChE levels and activity, choline acetyl-transferase (ChAT),
muscarinic receptor (MR) binding, and vesicular ACh transport (J. Richardson &
Chambers, 2003; J. R. Richardson & Chambers, 2004). When CPF was administered
post-natally, similar alterations in cholinergic neurochemistry were found (Guo-Ross,
Chambers, Meek, & Carr, 2007; J. R. Richardson & Chambers, 2005), with the addition
of behavioral reductions in locomotor activity in the open field task (Carr et al., 2001).
These findings indicate that at least in rats, the early gestational and neonatal
neurodevelopment of the cholinergic system is impacted in similar ways by exposure to
CPF.
The above set of studies does not delve far into the duration of the effects
observed. When animals were examined at later time periods, it was found that the
cholinergic reductions in brain AChE and muscarinic receptor binding would linger for
approximately a week or more at levels comparable to those in the above set of more
acute exposure studies (Chakraborti, Farrar, & Pope, 1993; Chanda, Harp, Liu, & Pope,

5

1995). These studies provided no further time points, and it is actually unknown how far
the chronic AChE inhibition persists into development. The few studies that did address
much later dates found an approximately 20% increase in Brain AChE as far out as PND
60-90 after in utero exposure (Ali Abdel-Rahman et al., 2004; Abou-Donia et al., 2006).
This increase was possibly limited to the brainstem, though the Abou-Donia (2006) study
also found indications of a reduction in cerebellar purkinje cells and an increase in
cerebellar and granular layer GFAP (glial) staining. These divergent effects of reduction
of AChE early in development and localized increases in puberty and adulthood highlight
the importance of understanding the neurodevelopmental changes in an exposed animal
at more than a single time point. It is clear from these effects in animals that the longterm effects of CPF exposure are complex and may result in the display of entirely
different symptoms when observed at different life stages.
The above studies primarily addressed acute cholinergic changes from such
exposure, and did not venture into non-cholinergic mechanisms or take into account the
lingering developmental effects that might only be observed much later in the animal’s
lifespan. These potential non-cholinergic mechanisms that may well account for CPFinduced neurodevelopmental deficits were explored in other rodent studies that accounted
for the effects of cholinesterase inhibition. These studies either used a low dose that is
subtoxic or even sub-threshold for AChE inhibition, or administered muscarinic
antagonists to counteract the cholinergic effects. When controlling as above for
cholinergic effects, these studies still found long-term effects such as lasting activation of
the serotonergic system and reductions in hippocampal dopamine (Aldridge, Meyer,
Seidler, & Slotkin, 2005), disrupted function of the adenylyl cyclase (AC) cascade
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(Meyer et al., 2004; X. Song et al., 1997), reduced expression of neuronal growth factors
(Betancourt, Burgess, & Carr, 2006), neuronal and glial cell loss in the hippocampus
(Stephanie J Garcia et al., 2005; Roy, Sharma, Seidler, & Slotkin, 2005), as well as overt
behavioral deficits in spatial navigation in the plus maze and increased anxiety in the
socio-agonistic encounter tasks (Ricceri et al., 2006). While the cholinergic effects of
CPF exposure are clearly serious and persistent, any complete neurodevelopmental model
of the effects of CPF should not be limited to only those effects that are easily explained
by that mechanism of action.
I-B3. Background: Human Studies of CPF
Our understanding of the effects of CPF is not limited to animal studies. Several
epidemiological human studies have been performed using correlations between
cognitive measures and urinary metabolites indicative of CPF exposure. We will focus
here on two sets of major studies carried out by the Columbia Center for Children’s
Environmental Health and the Center for the Health Assessment of Mothers and Children
of Salinas (CHAMACOS). These two groups focused on pre and post-natal human
exposure to CPF in urban and agricultural communities.
The investigators at the Columbia Center for Children’s Environmental Health
were involved in a series of studies examining the levels of CPF and other pesticides in
urban mothers and infants from 1998 onwards. Their early findings from 1998-2002 were
primarily that household CPF exposure to the mother was associated with reduced birth
weight and length (Perera et al., 2003). A later study by this group conducted after the
residential CPF ban, when exposure to the compound was lower, found a dramatic
decrease in these symptoms (Robin M Whyatt et al., 2004). Another study by this group
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looked specifically at neurodevelopmental measures and found that children with high
levels (blood levels > 6.17 pg/g) of CPF exposure portrayed with mental and motor
developmental delays as well as diverse attentional deficits and decreases in intelligence
scales (V. A. Rauh et al., 2006; V. Rauh et al., 2011). An especially relevant human MRI
research paper on this subject found evidence of cortical thickness reductions in the
frontal and parietal brain areas of the children with the highest levels of exposure as
measured by CPF metabolites (V. A. Rauh et al., 2012). It is clear from this set of studies
that CPF is a developmental hazard to children in urban areas, at the very least before the
ban was enacted.
The CHAMACOS study was focused on mothers and children in agricultural
areas, in this case the Salinas valley of California, US starting in 1999. These authors
found no association between OP exposure (including CPF) on birth weight or head
circumference (Brenda Eskenazi et al., 2004) in children, but did find some neurological
consequences such as abnormal reflexes (Young et al., 2005), attentional, behavioral and
emotional problems (Brenda Eskenazi et al., 2007; Marks et al., 2010), and poorer
intellectual development as revealed by reduced scores on intelligence scales and general
IQ (Bouchard et al., 2011). Thus, CPF also appears to be a developmental hazard in
agricultural areas both before and after the ban.
It is evident from the above that the reported deficits in agricultural communities
in the CHAMACO study were generally less severe than the earlier urban Columbia
group findings, but more severe than the later urban ones after the ban. This can be
construed as an effect of CPF use continuing in agriculturally while residential use
ceased. It is clear from these studies that humans and animals share similar neurological
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consequences from exposure to CPF, and that it remains a relevant and critical problem
for research and public health concerns.
I-C. CPF Exposure During Critical Periods of Development
The timing of exposure to CPF within a critical period of neurodevelopment may
determine both the severity and location of its effect (P. Eriksson, 1997; Rice & Barone,
2000). The following section will review pertinent literature related to CPF and its impact
on the prenatal and prepubertal period in both humans and animal models.
I-C1. Vulnerability of the Prenatal Stage
Prenatal exposure to CPF is a major public health concern (Crinnion, 2010). The
developing fetus is particularly vulnerable to OP toxicants by contamination of the
maternal blood supply (Bradman et al., 2003; Lassiter et al., 1998; R M Whyatt & Perera,
1995), and has been shown to absorb an approximately four-fold greater amount of CPF
than the exposed mother (Akhtar, Srivastava, & Raizada, 2006; Hunter, Lassiter, &
Padilla, 1999). Thus, even low-level exposures to CPF may have serious effects on fetal
development. To compound this, the fetus is already especially vulnerable to neurotoxins
due to the immaturity of their nervous systems, massive extent of brain growth and
reorganization, and lower levels of detoxifying enzymes for OP pesticides (Marks et al.,
2010). For populations that live or work in agricultural areas, this exposure is notoriously
difficult to avoid and harmful to the health and proper development of growing children
(Hanke & Jurewicz, 2004).
The prenatal period is a peak time of brain growth in both guinea pigs and
humans, particularly in the frontal and striatal areas of the brain (Dobbing & Sands, 1970,
1973; Kalaria & Prince, 1988). As mentioned earlier, epidemiological studies have
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reported that children exposed to CPF in the womb suffer serious neurodevelopmental
outcomes such as decreased intelligence quotient (Bouchard et al., 2011; Engel et al.,
2011; V. Rauh et al., 2011), neurodevelopmental and motor delays (Lovasi et al., 2011),
a high prevalence of attention deficit disorders (Marks et al., 2010; V. A. Rauh et al.,
2006), and even overt reductions in brain cortical thickness (V. A. Rauh et al., 2012).
Pregnant mothers who live and work in agricultural areas thus face a potential risk of
harm to their developing fetus stemming from CPF exposure. The topic of prenatal
exposure has gathered a great deal of interest, but thus far there has been little focus on
targeting the prenatal brain growth spurt, possibly because this is a postnatal event in the
more commonly-used rat model.
I-C2. Vulnerability of the Prepubertal Stage
The prepubertal period is particularly sensitive to disruption by CPF, especially in
terms of hippocampal development. The guinea pig hippocampus undergoes rapid
development of its recurrent mossy fiber collaterals during puberty, peaking at
approximately 40 PND in both sexes (Wolfer & Lipp, 1995). Significant brain
development and hippocampal reorganization is also known to occur in humans in the
prepubertal period, these being increases in cellular count, synaptic pruning, and
maturation of axons and dendrite structure (Neufang et al., 2009). CPF has been found to
disrupt neuronal morphogenesis of this type, stunting outgrowth of neurons and inhibiting
axonal and dendritic maturity, and it has been proposed that an ill-timed exposure to this
agent during critical periods of growth could greatly influence the extent and nature its
neurodevelopmental effects (A. S. Howard et al., 2005). In contrast with the prenatal
critical period above, it should be noted that the prepubertal period in humans is several
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years long, and children at this stage are naturally prone to exploratory play and behavior
that would potentially place them in situations where they could be exposed to CPF (B
Eskenazi, Bradman, & Castorina, 1999). This is especially true in rural areas where CPF
is most commonly used (Fenske et al., 2002; R M Whyatt & Perera, 1995).
The evidence of increased exposure of children to organophosphorus pesticides
associated with the 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.
CPF is known to linger in treated soil with a half-life of nearly 60 days, which means the
time frame for potential exposure is fairly long (U.S. EPA, 2006). As described in the
background for the developmental impact of CPF, much of the evidence supporting
axonal and glial effects of exposure to CPF is based on in vitro cell culture studies,
making it clear that in-vivo studies could be an important following step in understanding
this phenomenon.
I-D. Guinea Pigs as an Optimal Rodent Model for OP Intoxication
Despite the popularity of rat and mouse models, there are specific and compelling
reasons to use guinea pigs as a rodent model for neuroscience and neurotoxicology
studies on the effects of OP agents. Guinea pigs are the ideal non-primate translational
models for studies on CPF in particular, primarily due to their similarities to humans in
terms of systemic sensitivity to organophosphorus compounds (Inns & Leadbeater, 1983;
Pereira et al., 2014). Specifically, Guinea pigs and humans share lower levels of the
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circulating carboxylesterases that provide protection from OP compounds than rats and
mice (Fonnum, Sterri, Aas, & Johnsen, 1985; Inns & Leadbeater, 1983; KalisteKorhonen, Tuovinen, & Hänninen, 1996; B. Li et al., 2005). 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, 1973).
In addition, prior developmental studies have shown that age-related differences
in sensitivity to CPF were tied to fluctuating levels of detoxifying enzymes found in rats
and mice, a confound that makes it difficult to interpret the results of prior rodent studies
(Moser, Chanda, Mortensen, & Padilla, 1998; Timchalk, Poet, & Kousba, 2006). Like
humans, guinea pigs are also known to suffer long term cognitive deficits after exposure
to OP agents, which are reliably demonstrated by spatial learning impairments in the
Morris water maze (Mamczarz, Kulkarni, Pereira, & Albuquerque, 2011).
I-E. MR Imaging of Neurodevelopment and Toxicity
MR technology provides a number of effective methods ideal for the sensitive,
precise, and non-invasive measurement of neurotoxicant-induced alterations to brain
metabolism (Gullapalli et al., 2010; Mullins et al., 2013; Xu et al., 2011; Zhuo et al.,
2011). The methods reviewed here include T2-weighted anatomical imaging, diffusion
kurtosis imaging (DKI), T2* and T2 relaxation mapping, and 1H-MR spectroscopy. These
will be dealt with separately as they each have unique strengths and considerations in
terms of research into CPF-related neurotoxicity.
I-E1. Structural Imaging
The anatomical information from a T2-weighted image provides detailed
measurements of volumetric differences without the need for destructive histology.
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Prenatal exposure of guinea pigs to the related OP compound trichlorfon is known to
inflict a reduction in brain weight and causes severe hypoplasia of the cerebellar cortex
(Mehl, Schanke, Johnsen, & Fonnum, 1994; Mehl, Schanke, Torvik, & Fonnum, 2007).
This gross volumetric deficit was shown using conventional ex vivo tissue histology in
the above studies, but the scale of the hypoplasia from this OP exposure would also be
evident from in vivo structural MR images.
In guinea pigs post-natally exposed to a 1.0xLD50 dose of the nerve agent
Soman, significant brain atrophy was apparent by both T2 image volumetrics and
morphometry as well as conventional histology (Gullapalli et al., 2010). In humans,
gross brain volumetric changes have been observed from volumetric MR acquisitions as a
result of prenatal exposure to CPF (V. A. Rauh et al., 2012). Children born to mothers
with higher concentrations of CPF in umbilical cord blood were found to have frontal and
parietal thinning of the cerebral cortex, as well as alterations in the structure of the gyri
on the right hemisphere of the brain.
Exposure to CPF during the late prenatal growth spurt period would potentially
result in general atrophy and possibly more specific volumetric decreases due to
disruption of this critical event (Altman & Das, 1967; Byrnes, Reynolds, & Brien, 2001) .
For precocial species such as humans and guinea pigs, this would create a major
distinction between the gross anatomical effects of CPF exposure at the pre- and postnatal stages.
I-E2. T2* & T2 Relaxometry
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
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exposure of guinea pigs to OP compounds. Measurements of T2 relaxation time proved to
be very sensitive in detecting disruption of the structural integrity of the brain following a
single exposure to soman, lowering significantly in the thalamus and amygdalae after
challenge with the compound (Gullapalli et al., 2010).
The T2* mapping technique is a preferred magnetic resonance imaging (MRI)
method for measuring iron concentrations indirectly, with higher T2* relaxation times
being associated with lower iron levels (Berg & Youdim, 2006; House et al., 2007;
Langkammer et al., 2010). Abnormal iron accumulation in brain tissue is strongly linked
to oxidative stress resulting from exposure to OP compounds in general (Milatovic,
Gupta, & Aschner, 2006), and CPF even at sub lethal doses in human cell cultures has
been shown to result in cellular iron transport dysregulation (Sun et al., 2014).
Neurodegenerative disorders such as Parkinson’s and Alzheimer’s diseases have also
been strongly linked to abnormal iron accumulation (Berg & Youdim, 2006; Brass, Chen,
Mulkern, & Bakshi, 2006). Potential neurodegeneration related to oxidative stress is thus
detectable with this method, with affected brain areas being characterized by shortened
T2* relaxation times. Unfortunately, there is no current research literature using T2*
methodology to assess the neurodevelopmental effects of exposure to OP compounds.
T2 relaxation mapping, as compared to T2* mapping above, enables the
visualization of tissue water content. Brain tissue water content has long been known to
decrease during maturation in both rats and humans (Ferrie et al., 1999; Wender &
Hierowski, 1960). The displacement of water by tissue in the brain is in turn related to the
ongoing process of myelination during brain maturation. Typically, the developing brain
will show a decreasing T2 relaxation time with age, with the most pronounced decreases
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corresponding to periods of myelination (Holland, Haas, Norman, Brant-Zawadzki, &
Newton, 1986; Leppert et al., 2009). To our knowledge, T2 relaxation has not been used
to assess OP exposure in humans at this time. OP induced neurotoxic effects have
however been detected in rats with this method, with paraoxon-intoxicated rats showing
noticeable edema in cortical and subcortical grey matter (Shrot et al., 2012).
I-E3. Diffusion Tensor and Kurtosis Imaging
Diffusion Tensor Imaging (DTI) is an in vivo MR method that creates quantitative
maps of the characteristics of water diffusion, providing insight into the integrity and
microstructure of the underlying brain tissue (Basser, 1995). The standard diffusion
parameters, namely fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity
(AD), and radial diffusivity (RD), rely on the speed and direction of water movement. FA
is a well-accepted measure of white matter integrity, which stems from it being a measure
of the preference of water to diffuse along a single directional axis such as along an
axonal bundle. MD is a measure of the general diffusivity of the tissue voxel, which is
sensitive to alterations from necrosis and edema (Mukherjee, Berman, Chung, Hess, &
Henry, 2008). Increases in MD are typical of vasogenic edema, while decreases signal the
presence of cytotoxic edema (Koch, Rabinstein, Falcone, & Forteza, 2001; Xu et al.,
2011). MD can be further broken down into diffusivity in the directions parallel (AD) and
perpendicular to (RD) the main axis of diffusion. At this level of detail, AD is related to
changes due to axonal injury while RD is very sensitive to disruptions in myelin integrity
(S.-K. Song et al., 2003).
Diffusion kurtosis imaging (DKI) is an advanced method of DTI that measures
the deviation of the diffusion profile from the assumed Gaussian distribution (Jensen,
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Helpern, Ramani, Lu, & Kaczynski, 2005). The parameters derived from DKI
acquisitions mirror the diffusivity parameters above, and thus include mean kurtosis
(MK), axial kurtosis (AK), and radial kurtosis (RK). When diffusion is free of barriers,
the diffusion displacement follows the Gaussian distribution with zero kurtosis. When
diffusion is highly restricted with barriers, such as well-developed cell membranes and a
diversity of cell types, kurtosis will be higher. A high kurtosis is indicative of a larger
deviation of the diffusion profile from the idealized Gaussian distribution. Hence these
kurtosis parameters are considered as a measure diffusion restriction for diffusion
heterogeneity (Jensen & Helpern, 2010) . DKI is also judged to be more sensitive to gray
matter characteristics than standard DTI while retaining its sensitivity to white matter.
DKI is currently showing great promise as a sensitive measure of microstructural changes
in both grey and white matter, for example in revealing the presence of astrogliosis as a
result of traumatic brain injury in rats (Zhuo et al., 2011).
Prior work in humans and in rat models shows large changes in diffusion
measures during the early post-natal period. In rats, both anisotropy (FA) and diffusion
measures (MD/AD/RD) throughout the whole brain tend to increase drastically during
the second postnatal week. After the third postnatal week, FA tends to level off, while
MD drops precipitously then levels off at approximately four weeks (Bockhorst et al.,
2008; Calabrese & Johnson, 2013; Larvaron, Boespflug-Tanguy, Renou, & Bonny,
2007). These reliable DTI changes are ascribed to the myelination and axonal pruning
known to occur in the developing brain. In a developing human brain, FA tends to
increase while diffusivity decreases until finally leveling off at adulthood. This is
attributed to an increase in microstructural complexity and myelination, coupled with a
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decrease in the water content of brain tissue (Petra S Hüppi & Dubois, 2006). Prior
neurodevelopmental

research

on

kurtosis

measures

in

animal

and

human

neurodevelopment is extremely limited, but it was observed that these measures (MK,
AK, RK) steadily increase in the brain with age well past the point at which FA reaches a
plateau (Cheung et al., 2009; Paydar et al., 2014).
DTI parameters have been shown to be very sensitive to the long-term effects of
OP intoxication. Rats and mice given a convulsive dose of the nerve agent Soman were
found to have severe reductions in the MD of the cortex, hippocampus, amygdalae, and
thalamus that were consistent with cytotoxic edema (Bhagat, Obenaus, Hamilton, &
Kendall, 2001; Testylier et al., 2007). In a study of human victims of the 1995 Tokyo
subway Sarin attack, the survivors showed decreased FA in the brainstem, parietal lobe,
and temporal lobe years after the original exposure (Yamasue et al., 2007). Reductions in
the FA parameter have also been found to be related to hippocampal degradation after
neurotoxic lesions in primates (Shamy et al., 2010) and radiation therapy in humans
(Chapman et al., 2012). These findings indicate a strong potential for the use of DKI in
understanding neurological damage due to CPF intoxication.
I-E4. 1H MR Spectroscopy
In vivo high resolution proton magnetic resonance spectroscopy (1H-MRS) is a
technique that allows researchers and clinicians to assess brain chemistry in vivo nondestructively and non-invasively (B. Ross & Bluml, 2001). 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 measuring neurotoxicant-induced
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alterations in brain metabolism (Xu et al., 2011). A wealth of neurochemical information
can be obtained from high-resolution 1H -MRS of the brain.
The spectra acquired from a 1H-MRS acquisition provides information about a
number of useful brain metabolites and neurotransmitters, typically focusing on Nacetylaspartate (NAA), myo-inositol (mI), glutamate (Glu), glutamine, gammaaminobutryic acid (GABA), and choline (Cho). These are frequently normalized to total
creatine (tCr), another metabolite chosen as a standard because it has a stable
concentration throughout the brain and over time (Pfeuffer, Tkác, Provencher, &
Gruetter, 1999). This set of metabolites informs its users about a wide array of important
neurological processes and events.
Of these metabolites, NAA forms one of the most salient peaks in the 1H-MRS
spectra. This amino acid is specific to neurons, and as such is indicative of their presence
and level of function (Tallan et al., 1956, Birken et al. 1989). Glu is the most abundant
excitatory neurotransmitter and plays a key role in long-term potentiation, the cellular
mechanism underlying learning and memory (Riedel, et al., 2003; McEntee & Crook,
1993). 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), and as such is also strongly associated with astrocytic
function. In a similar manner, mI is a vital component of the phosphatidylinositol second
messenger system and is also a reliable marker of astrocytes (Kim, et al., 2005; Brand, et
al., 1993). GABA is the primary inhibitory neurotransmitter within the brain, though it is
present in very low concentrations (~1mM) that make it very challenging for detection
(Puts & Edden, 2012). Cho is known to be associated with cellular density and membrane
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turnover (Miller, et al., 1996), in addition to being the precursor of acetylcholine, a
cholinergic neurotransmitter greatly affected by CPF (Cohen & Wurtman, 1975). This
array of neurochemical information available from 1H-MRS has made possible a variety
of in vivo studies on neurodevelopment and neurotoxicity in both humans and animal
models.
Neurodevelopmental studies using 1H-MRS have revealed distinct changes in the
biochemistry of the brain over the course of maturation. A longitudinal study from
infancy to adulthood in the rat model found that concentrations of NAA, Glu & Gln
steadily increased from infancy to adulthood while Cho concentrations decreased. Myoinositol and creatine concentrations were found to reach a peak at adolescence (Morgan
et al., 2013). The findings of this broad study were very consistent with those of similar
studies over shorter time periods, which showed this same general pattern of change in
neurochemistry over the normal development of rat (Hida, Kwee, & Nakada, 1992; Tkác,
Rao, Georgieff, & Gruetter, 2003) and mouse brains (Larvaron, Bielicki, BoespflugTanguy, & Renou, 2006). In 1H-MRS studies of human subjects from infants to adults,
NAA was also found to increase with age and Cho decreased, though Glu & Gln as well
as mI remain fairly constant towards adulthood (P S Hüppi et al., 1995; Pouwels et al.,
1999). The neurometabolic findings in humans are thus slightly different than those of
rodent models in terms of Glu, Gln, and mI. The similarities and differences in these
brain metabolites may be crucial for properly framing the results from translational
research into development and its disorders.
The assessment of in vivo neurotoxicity has proven to a key strength of 1H
spectroscopy. Research into the acute effect of the OP compound paraoxon revealed that
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NAA decreased profoundly (>20%) upon intoxication and lingered at an approximately
15% decrease up to eight days after the exposure (Shrot et al., 2012). The effect on NAA
outlasted the effect on T2-weighted imaging, and was deemed to be even more sensitive
to the severity of the intoxication and prediction of survival. Despite the strength of this
finding, the body of literature available on OP toxicity and in vivo 1H-MRS is still
extremely limited. A similar ex vivo study that involved exposure of mice to the OP
nerve agent Soman resulted in a short term decrease in mI as well as the expected
decrease in NAA (Fauvelle et al., 2010). These studies extended their findings only 7-8
days post-exposure, but the implication of NAA and mI decreases as a consequence of
OP

intoxication

provide

useful

targets

for

further

research

into

long-term

neurodevelopmental effects.
I-F. Animal Behavioral Testing Reveals Effects of CPF Exposure
The main effect of CPF is upon the nervous system, and as such overt effects on
behavior and cognition can be expected. In human subjects, this can be measured with
standard neuropsychological batteries, but animal research requires other means to
measure these effects in a meaningful and translationally relevant manner. Fortunately
there is a strong body of literature for animal tests devised to assess cognition and
behavior that are linked to the specific deficits associated with OP and CPF exposure.
The primary methods used in CPF research have been tests of spatial and procedural
memory such as the Morris water maze (MWM), as well as anxiety and locomotor
related tests such as the open field test.
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I-F1. Spatial Learning and Memory
CPF has long been known to result in spatial memory deficits in animal
behavioral tests. Both prenatal and postnatal exposure of rats and mice to CPF has been
shown to cause persistent impairments in accuracy on a number of maze tests such as the
T-maze, elevated plus maze, figure 8 apparatus, and radial maze (Haviland, Butz, &
Porter, 2010; Icenogle et al., 2004; E D Levin et al., 2001; Edward D Levin et al., 2002).
Tests of spatial memory are however dominated by the popular Morris water
maze task (MWM). The MWM is a well-established method of assessing spatial learning
and memory in rodents that is dependent on the integrity of the striatum and hippocampus
(D’Hooge & De Deyn, 2001; Morris, 1984). This task consists mainly of placing the
animal in an opaque pool of water with a submerged platform and measuring the time it
takes them to swim onto it. This is referred to as the “escape latency” which is one of the
primary outcome measures of the test, with a higher latency showing impairment. The
MWM is very sensitive to OP-induced learning and memory deficits. In rats, post-natal
exposure to CPF was shown to delay their learning to find the MWM platform which
matched impairments in the radial arm maze (Terry, Beck, Warner, Vandenhuerk, &
Callahan, 2012). Mice also show similar impairments after prenatal CPF (Turgeman et
al., 2011).
The MWM has also been noted for its sensitivity to spatial behavior, procedural
learning and memory deficits in guinea pigs (Dringenberg, Richardson, Brien, &
Reynolds, 2001; Lewejohann, Pickel, Sachser, & Kaiser, 2010). Testing in guinea pigs
exposed to the OP nerve agent soman revealed significant deficits in learning and
memory as assessed by MWM performance (de Groot et al., 2001; Mamczarz et al.,
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2011), while the AChE inhibitor Huperzine A did not result in any noticeable impairment
(Filliat, Foquin, & Lallement, 2002). It is not currently known what effects CPF exposure
may have on guinea pigs specifically in terms of the behavior measured by the MWM,
aside from the published experiments described within this dissertation (Mullins et al.,
2013).
I-F2. Locomotor Activity and Anxiety
The open field test assesses the two closely-related measures of anxiety and
locomotor behavior by observing an animal’s activity when left within an empty box
(Walsh & Cummins, 1976). In this task, anxiety is indicated by the proportion of time
spent exploring the open central area as opposed to the sides of the box, and locomotor
activity is a simple recording of overall movement speed and distance traveled. CPF
exposure has been shown to depress locomotor activity in this task in both rats and mice
exposed pre-and post-natally to CPF (Carr et al., 2001; Ricceri et al., 2006). Guinea pigs
are known to be sensitive to this task as well, which was shown in a study where prenatal
stress caused lasting decreases in the locomotor activity of female offspring in the open
field (Kapoor & Matthews, 2008). It is currently unknown from the literature what
locomotor effect CPF may have on guinea pigs, however adult guinea pigs exposed to the
OP nerve agent soman did not show impairment on this task (Albuquerque et al., 2006).
I-G. Summary
The current literature provides us with a base upon which we can advance the
state of research in this area. Briefly, we know that the OP pesticide CPF can inflict acute
and chronic neurodevelopmental consequences on those exposed to it. These deleterious
effects on neurodevelopment are evident from prior research on its basic mechanisms in
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cell culture, rodent models, and epidemiological human studies. Further, we know that
CPF has implications for those exposed to it at multiple time points of their development,
particularly the vulnerable prenatal and pubertal stages. We also know that using guinea
pigs as an animal model in conjunction with both MRI and behavioral methods is a valid
and

informative

method

to

gain

useful

translational

information

on

the

neurodevelopmental effects of CPF. With this established, we may move on towards
accomplishing those goals.
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II. GOALS, HYPOTHESES, AND SPECIFIC AIMS
This chapter provides an overview of the individual experiments designed to
examine the overarching hypothesis that exposure to CPF causes neurological deficits
that are dependent on the stage of development at the time of exposure. We tested this
hypothesis using advanced in-vivo MRI imaging techniques in conjunction with standard
animal behavioral tasks, each of which measures specific neurological features related to
the development of the brain over time. Currently, the literature is unclear on the specific
nature and timing of CPF-induced neurodevelopmental deficits due to a lack of
longitudinal in-vivo studies. Understanding brain development through in vivo imaging
and behavioral assessments after CPF exposure during prenatal or prepubertal stages will
lead to the identification of biomarkers as well as inform further study on potential
treatments and prevention. In keeping with these stated goals, we devised a set of specific
aims to improve our understanding of the long-term anatomic and behavioral effects of
CPF exposure over a range of critical neurodevelopmental periods.
II-A. Specific Aim 1: Normal Neurodevelopment in Guinea Pigs
Normal post-natal neurodevelopment is an important topic within the
neuroscience field in general, and specifically to those interested in contrasting this to
disorders of the developing brain. Unfortunately, existing background literature involving
MRI imaging research on the guinea pig brain is limited in comparison to other rodent
models. To improve and inform our investigations in this area, we employed anatomical
and diffusion sensitive MRI methodology to examine the course of post-natal
neurodevelopment of male guinea pigs from the pup stage through adolescence and then
to adulthood. We predicted that the developing guinea pig would undergo substantial
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neurological changes consistent with normal brain maturation that could be reliably
detected and characterized by means of advanced MRI techniques.
II-B. Specific Aim 2: Prenatal Vulnerability to CPF Exposure
Indirect fetal exposure to CPF through the systemic exposure of the pregnant
mother is a significant worldwide health concern. This study was designed to test the
hypothesis that prenatal exposure of guinea pigs to CPF disrupts the structural and
functional integrity of the brain. In order to characterize the neurodevelopmental effects
of such prenatal exposure to CPF it was necessary to start the treatment as early in the
animal’s developmental timeline as practically possible, while coinciding with a period of
peak brain growth. To do this, we administered the CPF in utero during late gestation by
injecting the compound into pregnant dams. We later examined the resultant adult female
offspring using advanced MR imaging and spectroscopic methods, and behavioral tasks
associated with spatial learning and anxiety. We predicted that prenatal exposure to CPF
would result in persistent disruptions of the structural and functional integrity of the
developing brain that could be reliably detected by MRI as well as standard behavioral
measures.
II-C. Specific Aim 3: Prepubertal Vulnerability to CPF into Adulthood
Exposure to CPF during puberty is another pressing concern in relation to this
compound. In this aim we examined the hypothesis that chlorpyrifos (CPF) exposure
results in neurological deficits by interference with the prepubertal period of brain
growth. To do this, we injected female pups with CPF during the prepubertal period and
examined them with advanced MR imaging and spectroscopic methods and behavioral
measures that report on learning and anxiety related behavior. We predicted that the
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prepubertal period would be vulnerable to CPF exposure, such that even a single subseizure threshold exposure would result in neurodevelopmental deficits detectable by MR
and behavioral measures, and that these deficits would change in severity over time.
II-D. Specific Aim 4: Prepubertal Vulnerability to CPF into Maturity
To provide a more complete view of the long-term effects of exposure to CPF
during the prepubertal period, we tested the hypothesis that a single exposure of CPF at
the prepubertal stage can induce significant neurobiological and behavioral deficits
observable at adulthood. Accordingly, prepubertal guinea pigs were injected with CPF
and examined one year later. Advanced MRI and 1H-MR spectroscopy observed
structural and biochemical changes, and behavioral tests were used to assess spatial
learning and anxiety. We predicted that the long-term neurological effects of a single
prepubertal exposure to CPF would be evident even into mature adulthood.
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III. GENERAL METHODS
III-A. Animal Subjects
For all experiments, Hartley Guinea Pigs ([Crl(HA)Br]) 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. CPF was
purchased from Sigma Aldrich (St. Louis, MO) or Chemservice (West Chester, PA).
Peanut oil was purchased from Sigma Aldrich. Animals were injected subcutaneously
between the shoulder blades with chlorpyrifos dissolved in peanut oil for those in the
treatment groups, and peanut oil alone (0.5 ml/kg, s.c.) for those in the vehicle groups.
The oral LD50 of chlorpyrifos in guinea pigs is 504 mg/kg, and the oral and
subcutaneous LD50s of OP compounds are generally very similar (McCollister et al.
1974). Number and volume of CPF doses varies between experiments as described in the
specific methods for each chapter. The cumulative dose of OP used in all experiments is
however well below the 1.6 x LD50 threshold for reliable induction of OP-induced
seizures in rats (Shih and McDonough 1997).
Animals were dosed with CPF subcutaneously rather than orally because the soft
palate of the guinea pig is continuous with the base of the tongue, and the opening
through which to pass a feeding tube is very small. Oral gavage is also 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. All experiments were carried out in
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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.
III-B. MR Imaging Acquisition
All MR experiments were performed on a Bruker Biospec 7.0 Tesla 30 cm
horizontal bore scanner equipped with a BGA20S gradient system interfaced to a Bruker
Paravision 5.1 console. A Bruker four-element 1H surface array coil was used as the
receiver and a Bruker 154 mm birdcage coil as the transmitter. Guinea pigs were
anesthetized in an animal chamber using a gas mixture of O2 (1 L/min) and isoflurane
(4%; IsoFlo, Abbot Laboratories, North Chicago, IL), with an induction period of
approximately 5-10 minutes. The animals were then placed prone in an animal holder and
a four-element surface array receiver coil was fixed over the brain of the animal. The
animal holder was moved to the center of the magnet and the isoflurane level was
changed to 3%. The level of isoflurane was further adjusted based on the respiration rate
changes of the animal for the remainder of the experiment. An MR compatible smallanimal monitoring and gating system (SA Instruments, Inc., New York, USA) was used
to monitor respiration rate, and body temperature was maintained at 36-37o C using a
silicone pad with warm water circulation. Body weight was measured using a digital
scale at the end of each MR session.
As a common preparatory step for each chapter’s MRI acquisitions, a scout image
consisting of three slices (axial, mid-sagittal, and coronal) was used to localize the guinea
pig brain. A FASTMAP rapid shimming protocol (Rolf Gruetter, 1993) was used to
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reduce the B0 magnetic field inhomogeneity within the whole brain volume imaged. Total
acquisition time for the scout image was 12 s.
III-B1. T2 Structural Imaging
For anatomical reference and volumetric calculations, fast spin echo based T2weighted MR images were acquired in the coronal plane. These T2 images show cerebrospinal fluid (CSF) with a bright intensity, grey matter brain tissue with a light grey
intensity, and white matter with a darker grey intensity (Figure 3.1). In this figure there is
a visibly brighter intensity towards the top of the image, which is a result of using a
surface coil as described in the MR imaging acquisition description (III-B) above. The
T2 contrast allows for digital segmentation of the brain tissue from the skull and CSF for
accurate volumetric measurements, as well as enabling automated realignment to a
template image where needed. The exact parameters for these acquisitions vary slightly
between experiments as detailed in the specific methods, typically in terms of coronal
slices acquired (20-40).

Figure 3.1: Example of T2 Volumetric Images
Sample T2-weighted image showing coronal, sagittal, and axial views of a guinea pig
brain. Left-right orientation is as shown in the coronal image, the anterior (rostral)
portions of the brain face upwards in the sagittal and axial views.
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III-B2. T2* Relaxometry
T2* relaxation maps (Figure 3.2) were acquired with a multi gradient echo
sequence (MGE) to examine the putative iron content and oxidative stress in the brain
tissue. The term T2* refers to the decay of the transverse magnetization signal due partly
to inhomogeneity in the magnetic field. In biological systems such as the brain, an
important source of such inhomogeneity is tissue iron content, which speeds the decay of
the signal (Nitz & Reimer, 1999). This method was used with the experiments in the CPF
treatment chapters (V-VII). As detailed in the introduction, this provided as a means to
examine the iron-mediated oxidative stress known to occur after exposure to OP
compounds, with lower T2* relaxation values being indicative of higher iron content and
oxidative stress (Berg & Youdim, 2006; Brass et al., 2006).
Specific parameters for these T2* relaxation acquisitions varied slightly between
some experiments, and are detailed in the specific methods for those chapters.

Figure 3.2: Example of T2* Relaxation Maps
Sample T2* map acquisition showing a montage of 10 coronal slices in two rows. The
posterior slices begin from the top left. Regions inside of the brain parencyhma with a
lower T2* relaxation time display a lower intensity and indicate a higher iron content.
III-B3. DKI Imaging
DKI acquisitions for each chapter used a single shot Echo Planar Imaging (EPI)
sequence. Specific parameters for the DKI acquisitions varied slightly between some
experiments, typically in the number of coronal slices acquired (20-40), and are detailed
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in the specific methods of those chapters. DKI provides information about subtle
microstructural changes such as white matter integrity and reactive astrogliosis that is not
detectable using other structural MR imaging methods (Zhuo et al. 2012). In the
experiments within the following chapters, this sensitive method is relied upon heavily to
probe the integrity and maturity of brain tissue in response to CPF exposure and during
normal neurodevelopment.
The values derived from DKI acquisitions include information about the extent,
constraint, and direction of water diffusion as well as its deviation from a Gaussian
distribution. In addition to the standard DTI parameters such as fractional anisotropy
(FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD), the DKI
acquisition method is also able to provide parameters such as mean kurtosis (MK), axial
kurtosis (AK), and radial kurtosis (RK). The intention behind using these measures and
the biology they reflect is described briefly below.
FA describes the “preference” or restriction of water diffusion to a single
direction within a given voxel. This parameter is very useful for detecting abnormalities
within white matter because of the tightly focused direction of diffusion along axonal
bundles and white matter tracts. Typically, intact and mature white matter tracts will
present with a high FA and damaged or immature tracts will present with a low FA.
Cellular swelling and cytotoxic edema on the other hand will tend to result in an increase
in FA (Koch et al., 2001). A representative slice from an FA volume is shown in the left
frame of Figure 3.3.
Measures of diffusivity provide other insights into microstructural changes within
the brain. While FA describes the preference of water movement towards a single
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direction, MD describes the overall rate of water diffusion in all directions. A reduction
in MD is consistent with cytotoxic edema, while an increase is consistent with vasogenic
edema (Koch et al., 2001; Xu et al., 2011). MD also decreases with maturity as a normal
consequence of water displacement by complex tissue during development (Petra S
Hüppi & Dubois, 2006). MD is further broken down into diffusion rate axial or parallel to
the main direction of water movement (AD), and diffusion rate radially or perpendicular
to the main direction of water movement (RD). AD is understood to be sensitive to overt
axonal injuries such as breakage and beading, while RD is more sensitive to changes in
myelin integrity such as thinning or demyelination (S.-K. Song et al., 2003). A
representative slice from an MD volume is shown in the center frame of Figure 3.3.
While the standard anisotropy (FA) and diffusivity values (MD/AD/RD) have
proven to be very effective in characterizing white matter, the use of kurtosis is relatively
new. Kurtosis describes the shape of the non-Gaussian distribution of water movement in
the above diffusivity measures (MD, AD, RD), with a higher kurtosis value indicating a
tighter peak and broader tails than a Gaussian curve. Essentially, the Kurtosis measures
quantify how far the diffusion in water molecules strays from a Gaussian distribution
(Jensen et al., 2005). This restricted or “kurtotic” distribution reflects the presence of
water-impeding microstructures such as cell membranes, axons, and myelin in that voxel,
with higher values indicating an increase in the amount and complexity of these barriers
to diffusion. A distinct advantage of this method is that kurtosis is deemed more sensitive
than standard diffusivity measures for the purpose of detecting microstructural changes
within gray matter (Hui et al. 2008; Cheung et al. 2009). This is one of the primary
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reasons it is employed in the experiments within the following chapters. A representative
slice from an MK volume is shown in the right frame of Figure 3.3.

Figure 3.3: Example of DKI Contrasts
Shown are three identical coronal slices of a normal adult guinea pig brain viewed using
the three main DKI modalities (anisotropy, diffusion, & kurtosis). Brighter areas of the
image indicate a higher value/intensity in the indicated DKI parameter. On the left is the
tissue contrast for FA, middle is MD, and right is MK. In this medial slice, the cortex,
hippocampus, and thalamus can be seen looking from top to bottom in each image.
III-B4. 1H-MR Spectroscopy
In vivo 1H MR spectroscopy (1H MRS) is capable of measuring brain metabolites
and neurotransmitters such as N-acetylaspartate (NAA), myo-Inositol (mI), choline,
GABA, glutamate, and glutamine (Pfeuffer et al., 1999; Provencher, 2001). These signals
are measured as ratios to total Creatine, another metabolite chosen for normalization due
to its consistent and stable distribution within the brain. Together, these common and
reliably detectable metabolites can provide important information on the metabolic and
functional integrity of the brain. The description of each measured metabolite and their
relevance to the coming chapters follows below.
GABA is of incredible functional importance as it is the main inhibitory
neurotransmitter in the brain and central nervous system (Puts & Edden, 2012). Sufficient
levels of this neurotransmitter are necessary for performance of behavioral memory tasks
in animals (Mark G Packard & Knowlton, 2002) as well as being a key player in proper
neurodevelopment (Chattopadhyaya & Cristo, 2012). Unfortunately, the signal from
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GABA in a standard PRESS sequence is fairly weak and the CRLBs for this metabolite
thus tend to exclude most GABA data from the analyses.
Glutamine is part of the glutamate-glutamine cycle and a marker of the
neuroprotective action of glutamine synthetase, which protects against the excitotoxic
action of excess glutamate by converting it into glutamine (Ramonet, Rodríguez,
Fredriksson, Bernal, & Mahy, 2004). In the case of CPF exposure in rats, this metabolite
has been shown to increase even after low dosages, hypothetically due to a
neuroprotective response (Wang et al., 2009). In terms of behavior, rats studies have
shown indications that increases in Gln actually improve learning and memory (Jing,
Cheng, Li, & Zhang, 2000). This results in a hormetic response, where exposure to some
doses of CPF may actually drive neuroprotective increases in a beneficial metabolite and
thus promote actual improvements in behavioral tasks of learning and memory. However,
improvement in one aspect of behavior does not suggest a real benefit from exposure to
CPF, as these doses may also have deleterious effects on other untested aspects of
cognition.
Glutamate is the major excitatory neurotransmitter in the brain and central
nervous system. In conjunction with GABA above, it aids in the migration of neurons to
their final destination within the maturing brain (Manent & Represa, 2007). CPF
exposure in cortical cultures has been shown to increase extracellular Glu to the point of
excitotoxicity and necrosis, and is posited by some as being at least partly responsible for
the noncholinergic neurotoxicity of CPF (Rush, Liu, Hjelmhaug, & Lobner, 2010) Much
like Gln however, direct infusions or drugs that promote increases in Glu have also been
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shown to improve performance on behavioral maze tasks in rats (Granger et al., 1993;
Mark G Packard & Knowlton, 2002).
Clinical scanners (1.5T - 3T) using PRESS or STEAM spectroscopy protocols are
limited by low spectral resolution and thus do not distinguish Glu and Gln signals well,
reporting these as a combined signal called Glx (R Gruetter et al., 1998). Here, we use the
Glu+Gln measure as a means of providing a translational measure to compare with the
more commonly reported Glx measure in humans.
Myo-inositol is small carbohydrate structurally similar to glucose that is used as a
reliable marker of astrocytic presence and function. This common and important
molecule has other biological roles as a cell membrane phospholipid precursor, an
osmolyte, and as part of the phosphatidoinositol (PI) signaling system (Berridge & Irvine,
1989; Holub, 1986; B. D. Ross, 1991). In terms of behavior, decreases in brain mI levels
are associated with learned helplessness in the forced swim task (Kim et al., 2010) and
administration of the related compound epi-inositol has been suggested to have anxiolytic
effects in the elevated plus maze (Einat, Elkabaz-Shwortz, Cohen, Kofman, & Belmaker,
1998). Treatment of rats with the related OP nerve agent soman resulted in an increase in
inositol-triphosphate in the neocortex and striatum (Mobley, 1990). This metabolite is an
especially important biomarker for the following chapters in that CPF is known to be
preferentially toxic to glial cells (S J Garcia et al., 2001; Stephanie J Garcia et al., 2005;
Roy et al., 2005).
NAA is a neuronal marker indicative of the integrity of neuronal tissue, though it
has other functions including regulation of neuronal protein synthesis, myelin production,
and the metabolism of aspartate and NAAG. A decrease in the levels of this metabolite
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suggests loss of or damage to neurons in brain tissue (Birken & Oldendorf, 1989). NAA
steadily increases in the brains of humans and rats during the process of maturation
(Hida, 1992; P S Hüppi et al., 1995). In rats exposed to the OP compound paraoxon,
NAA levels decreased significantly after exposure to the agent, especially in those
animals that did not survive the intoxication (Shrot et al., 2012). Learning and memory in
the MWM was also shown to be impaired in rats with lowered right hippocampal NAA
(Xi et al., 2011). In the following chapters this metabolite provides a useful measure of
neuronal integrity, crucial to any study examining neurotoxic effects.
NAAG is a ubiquitous but often ignored neurotransmitter in the central nervous
system. Functionally, this metabolite is believed to be an agonist at NMDA and type 3
metabotropic glutamate receptors (mGluR3) as well as playing roles in the regulation of
GABA and suppression of glutamatergic excitotoxicity (Neale, Bzdega, & Wroblewska,
2002). Like GABA, NAAG is not easily measured with a standard PRESS sequence
because of its low concentration and overlap with NAA. Only the combination of
NAA+NAAG can be measured and may offer information on glutamatergic
neurotransmission.
tCho is another membrane phospholipid component like mI, but choline is
expressed more consistently in all brain cell types. Developmentally, this metabolite is
high at birth in rats and declines rapidly with maturation (Hida, 1992). Choline is also the
precursor molecule for acetylcholine, which is of key interest to any study dealing with
cholinergic agents (Zeisel, 2012). Here, tCho is monitored for its potential sensitivity to
cholinergic neurotransmitter system dysfunction as well as being a reliable marker of cell
membrane disruption, demyelination, and gliosis (Bitsch et al., 1999).
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MRS data were acquired immediately following the MRI acquisition. Localized
1

H-MRS data were acquired in the hippocampus and the striatum (Figure 3.4). 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 a line-width of approximately 10.8 – 11.7 Hz for the unsuppressed water peak
over the spectroscopy voxel. The water signal was suppressed by variable power radio
frequency (RF) pulses with optimized relaxation delays. Outer volume suppression
combined with point-resolved spectroscopy (PRESS) sequence was used for signal
acquisition. Specific parameters for the 1H-MRS acquisitions varied slightly between
some experiments, typically in the size and dimensions of the spectroscopy voxel, and are
detailed in the specific methods for those chapters.

Figure 3.4: Example Voxel Placement for 1H-MRS
This figure shows an example of the voxels used for 1H-MRS, using select cropped slices
of a T2 anatomical image as a reference background. A voxel selected for the striatum is
on the left, and the hippocampus on the right. Voxels displayed actually spanned several
coronal slices (1 slice = 1 mm) through the region of interest, as described in the specific
methods for each chapter’s experiment.
III-C. MR Image and spectrum Processing
III-C1. T2-weighted Images
T2-weighted images were used to manually identify the regions of the forebrain
after being imported to the Medical Image Processing, Analysis, and Visualization
software (MIPAV v5.3.1, CIT, NIH, Bethesda, MD; McAuliffe et al., 2001). Volume
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measures (in mm3) were derived by MIPAV from voxel counts within each segment and
were used to calculate the volume of CSF, parenchyma (tissue only), and total forebrain
(CSF+Parenchyma). A guinea pig brain atlas (Rapisarda & Bacchelli, 1977) was used as
a reference to aid delineation of individual brain areas of interest, as well as the data from
our prior developmental profile of the guinea pig brain in Chapter 4.
While these T2-weighted images do create good contrast between grey and white
matter, they are not ideal for automated grey and white matter segmentation due to
imaging artifacts, primarily movement-related banding and inhomogeneity, which often
causes tissue misclassifications. This is evident in the segmented image in the far right
frame of Figure 3.5, which shows heterogenous grey/white matter banding in the cortical
surface. For this reason, only overall volumes (grey + white + CSF) and parenchyma
(grey + white) were used for calculations in the following chapters.

Figure 3.5: T2 Volumetrics Image Processing Steps
Representative coronal T2 images showing the steps in the process used for all
volumetric calculations to follow. The raw image is manually outline to remove the skull
voxels, the shading is corrected, then the tissue classes are automatically segmented into
rough grey, white, and CSF portions.
III-C2. T2 and T2* Relaxometry
T2 relaxation values were derived by manually outlining select ROIs in the multiecho relaxation map images. These ROIs included the amygdalae, cortex, hippocampus,
striatum, and thalamus. Relaxation values were measured using in-house software
developed within MATLAB. Individual ROIs were outlined on matching T2 images,
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using the average of at least two coronal slices where possible (Figure 3.6). The slope of
the mean T2* relaxation within that ROI was then calculated over the series of echoes.

Figure 3.6: Example of Cortical ROI for T2* Relaxometry
ROIs used for T2* relaxometry were manually outlined on a matching T2 image (left,
showing cortical ROI). The slope of the ROI intensity over multiple echo times (TE)
within the image was automatically plotted and fitted to arrive at the calculated T2*
relaxation time.
III-C3. Diffusion Reconstruction
Images obtained from the DKI acquisition were motion-corrected and
reconstructed using in house-developed software in MATLAB (Mathworks, Natick, MA)
according to a previously published method (Zhuo et al., 2011). This method was used to
generate maps of the various diffusion parameters including fractional anisotropy (FA),
mean diffusivity (MD), radial (RD) and axial (AD) diffusivity, radial kurtosis (RK) and
mean kurtosis (MK). These parameters provide measures of the directional preference of
water diffusion (FA), average diffusion or kurtosis in all directions (MD, MK) and
diffusion or kurtosis in the axial or radial directions (AD, AK, RD, RK). The anisotropy
and diffusivity measurements above have a long history in MR research, but the kurtosis
measures are more recent and require some explanation. The following paragraphs briefly
summarize and paraphrase the full method described in (Zhuo et al., 2011).
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Diffusion-weighted signals from the 30 directions and all three b-values (b = 0,
1000, 2000 s/mm2) were first fitted voxel-wise for the diffusion and kurtosis tensors.
From this the apparent diffusion (Dapp), apparent kurtosis (Kapp), and the 4th order
diffusion kurtosis tensor (W) are calculated. Eigen-decomposition of the diffusion tensor
resulted in three directional eigenvalues (λ1, λ2, λ3). This linear equation for the model fit
and the derivation of the apparent diffusion and kurtosis tensors are described fully in
Zhuo et al., 2012. What follows here will include the calculations behind reconstructing
the more biologically descriptive DKI measures referred to frequently in later chapters.
Symbols used:
λ1 is diffusivity (in mm2/s) parallel with the principal axis (along V1)
λ2 is diffusivity (in mm2/s) perpendicular to the principal axis (along V2)
λ3 is diffusivity (in mm2/s) perpendicular to the V1 and V2 axes
Kapp is the apparent kurtosis coefficient
K1 is the kurtosis of diffusion parallel with the principal axis (along V1)
K2 is the kurtosis of diffusion perpendicular to the principal axis (along V2)
K3 is the kurtosis of diffusion perpendicular to the V1 and V2 axes

MD is equal to the mean of the diffusion tensor eigenvalues, and describes the
overall rate of water diffusion in all directions. This is a general measure and does not
account for anisotropy in any direction.

𝑴𝑫 =

𝜆! +    𝜆! + 𝜆!
3
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AD describes the rate of water diffusion parallel to the principal axis of diffusion
within the voxel, while RD describes the same measure perpendicular to the principal
axis of diffusion. AD is equal to the first eigenvalue, while RD is the mean of the second
and third eigenvectors.
𝑨𝑫 = 𝜆!
𝑹𝑫 =

𝜆! + 𝜆!
2

FA describes the tendency of water movement in a voxel to align preferentially to
a single direction. This is a ratio that takes into account the mean diffusivity as well as the
extent of diffusion in the axial and radial directions.
𝑭𝑨 =

3 𝜆! − 𝑀𝐷

!

+ 𝜆! − 𝑀𝐷

!

+ 𝜆! − 𝑀𝐷

!

2 𝜆!! +    𝜆!! +    𝜆!!

The formulas for the above diffusivity measures (MD, AD, RD) are provided
partly as an aid in understanding the kurtosis measures below. MK was calculated by
averaging the apparent kurtosis (Kapp) in all 30 directions. This is effectively the kurtosis
counterpart of MD, above. Accordingly, this parameter describes the kurtosis of diffusion
in all directions.
1
𝑴𝑲 =
𝑁

!

(𝐾!"" )!
!!!

AK and RK required the projection of the 4th order kurtosis tensor W to the three
principal diffusion tensor eigenvectors, as discussed in Zhuo et al. (2012) and Jensen et
al. (2005). The following equations are simplified formulas to calculate the kurtosis
tensor related parameters. As the kurtosis tensors represent a more complex 3D structure,
our MATLAB reconstruction code uses a more rigorous formula based on elliptical
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integration when calculating MK and RK (Jensen & Helpern, 2010; Tabesh, Jensen,
Ardekani, & Helpern, 2011). These parameters are the kurtosis counterparts to AD and
RD, and thus describe the kurtosis along the axial (AK) and radial (RK) diffusion
directions.
𝑨𝑲 =    𝐾!
𝑹𝑲 =

𝐾! + 𝐾!
2

ROIs queried from diffusion images included the medial corpus callosum, medial
cerebral cortex, dorsal hippocampi, thalamus, striatum, and the amygdalae. Several
consecutive slices were selected for each ROI, dependent upon their visibility in the
coronal view. The corpus callosum was selected to provide a white matter reference and
included 5-6 medial slices covering the area of the corpus callosum located between the
cingulum bundles bilaterally. The medial cerebral cortex and thalamus spanned over the
same 2-3 slices used for the hippocampus for consistency. The striatum included 3-4
slices from its first visible appearance rostrally, likewise with the 1-2 slices for the
amygdalae. An example of the aforementioned set of ROIs is displayed for reference in
Figure 3.7, below.

Figure 3.7: Representative ROIs for DKI Analysis
This figure shows an example of the ROIs used for the DKI analysis, using select
cropped slices of an FA image as a reference background. ROIs for each slice in the
upper panel are shown overlaid in the lower panel. These include the cerebral cortex,
hippocampi, striatum, thalamus, amygdalae, and corpus callosum.
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III-C4. 1H MRS
MRS data were fitted using the Linear Combination of Model spectra package
(LCModel, Provencher, 2001). The mean metabolite concentration relative to total
Creatine (tCr) was computed. Only those metabolites with a Cramer-Rao lower bounds
score (CRLB) ≤ 20 % were included in further analysis. The common metabolites
examined were Gamma-aminobutyric acid (GABA), Glutamine (Gln), Glutamate (Glu),
myo-inositol (mI), N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), total
choline (glycerophosphocholine & phosphocholine (tCho), a composite of NAA &
NAAG, and a composite of Glu & Gln. A typical example of the MRS voxel and
processed spectrum image for the striatum is shown in Figure 3.8 below.

Figure 3.8: Representative 1H-MRS Spectrum
A representative MRS spectrum from the striatum of a normal vehicle animal from the
experiment in chapter VI. Peaks are labeled according to the metabolite they represent.
III-D. Behavioral Experiments
Two days before the onset of behavioral tasks, all animal subjects were given two
hours to habituate to the room the experiments would take place in. Ambient white noise
generators were placed around each testing apparatus to minimize the influence of
external noise. Animals were weighed with a digital scale prior to each session.
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III-D1. Open Field Test
The exploratory and locomotor activity of the animals was assessed using the
Open field task (Walsh & Cummins, 1976). This apparatus consisted of a large box made
of Starboard plastic (120 x 120 x 120 cm). Grey paper bedding covered the floor of the
apparatus. Guinea pigs were placed in the center of this box as a start position and
allowed to explore the area for 20 min before being returned to their cages. Animal
position was tracked with a video camera linked to the Any-Maze software suite
(Stoelting Co, Wood Dale IL). Locomotor activity was recorded as the total distance
traveled while in the box. Exploratory behavior, which is considered inversely
proportional to anxiety, was measured as the in the ratio of time spent exploring the open
central area of the box versus the time spent moving along the sides (Figure 3.9).

Figure 3.9: Open Field Apparatus
The box to the left is a still photo from the Any-maze video acquisition during a standard
open field task. The box to the right is an automated tracking plot showing the path of a
particular animal during the test.
III-D2. Morris Water Maze
The Morris Water Maze (MWM) is a test of spatial learning and procedural
memory that is dependent on the integrity of the striatum and hippocampus (D’Hooge &
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De Deyn, 2001; Morris, 1984). In this test animals are placed in a large circular
galvanized tub (198-cm diameter, 60-cm height) with tap water mixed with non-toxic
black tempera paint filled to a depth of 40 cm. The temperature on the first day of
training is maintained at 30 ± 0.25°C and decreased to 29 ± 0.25°C on the 2nd day, to 28
± 0.25 °C on the 3rd day, to 26 ± 0.25°C on the 4th day, and to 24 ± 0.25°C on the 5th
training day. Upon placement in the water, the animals are allowed to swim to find a
hidden and submerged platform placed in the center of a quadrant of the tub (Figure
3.10). Navigation to the platform is aided by visual cues in the room visible from the
animal's perspective in the maze. Depending on the chapter (as detailed in the specific
methods), either 90 or 120 s is allowed to find the hidden platform. After the animal finds
and remains on the platform for 15 s, it is removed to a shredded paper-bedded cage
under the air blower until dry. The starting quadrant is assigned pseudo-randomly for
each trial, while the submerged platform is kept in a constant position. A video camera
coupled with the video-tracking program Any-Maze (Stoelting Co, Wood Dale IL) is
used to record and track the location of the animals during the experiment.
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 total distance traveled and swim
speed were also measured as a means of comparison and normalization. The tendency of
the animal to swim along the sides of the maze is referred to as thigmotaxis, and is
measured as the ratio of time spent swimming within 20 cm of the walls over the total
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escape latency. Thigmotaxis persisting into later trials indicates a lack of learning ability
as it is an early and ineffective strategy for finding the platform.
The probe test was performed approximately three days after the MWM training
sessions above. During the probe test portion of the MWM, the platform was removed
from the tub and the animals were allowed to swim for 90 s. The pattern of swimming,
including the mean speed, distance traveled, number of entries into the missing platform
area, and amount of time spent swimming in the quadrant of the missing platform area
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.

Figure 3.10: Morris Water Maze Apparatus
The box to the left is a still photo from the Any-maze video acquisition during a standard
MWM training. The box to the right is an automated tracking plot showing the path of a
particular animal during the test. The submerged platform is in the upper right hand
quadrant in both pictures.
III-E. Statistical Analysis
Where necessary, group differences were analyzed using the multivariate General
Linear Model (GLM) function in SPSS (SPSS Statistics for Windows, Version 21.
Armonk, NY: IBM Corp.). For longitudinal within-group analyses, the GLM repeated
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measures ANOVA function was used, using the repeated behavioral test or MR
acquisition as the within-subject factor and the treatment group (CPF or PO) as the
between subjects factor. Violations of variance assumptions were detected by Mauchly’s
test of sphericity and, if present, accounted for using the Greenhouse-Geisser correction.
For the behavioral data, where necessary, the GLM multivariate function was
used to assess group and time differences. When a test was administered over several
days, such as in the MWM and open field tasks, the GLM repeated measures function
was used. Dependent values were compared using group (CPF or PO) as the factor, and
the GLM least squares corrected model was used to correct for correlated measures
within each modality (behavioral, volumetric, diffusion).
Pearson's r bivariate correlations were used to assess the relationship between the
behavioral tasks, volumetric measures, T2* values, and diffusion parameters, using all
available data for each comparison. For behavioral tasks with multiple trials (e.g. the
MWM training), time-averaged index variables were computed for correlations with
other single variables.
Table text is uniformly presented between chapters and reports the means,
standard deviations, and P values from the appropriate analyses described above. For ease
of reading, results that met the p < .05 threshold for statistical significance are highlighted
in light grey. Table index values were created to summarize behavioral tests that use
repeated measures by taking the mean of the trials. For ease of visual comparison, at the
far right cell of each table a solid horizontal figure bar is provided that is proportional to
the effect size as partial Eta squared (ranging from 0-1). A red rightward pointing bar
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indicates an increase (+) in the CPF group and a black leftward pointing bar indicates a
decrease (-).
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IV. MR CHARACTERIZATION OF POST-NATAL NEURODEVELOPMENT IN
GUINEA PIGS
IV-A. Introduction
Post-natal neurodevelopment is an important topic within the neuroscience field
in general, and especially to those focused on disorders of the developing brain. In the
guinea pig as with other mammalian animal models, the normal developing brain
undergoes substantial increases in cortical layering and myelination during the post-natal
period (Altman & Das, 1967; Dobbing & Sands, 1970, 1973). The extent of other
expected changes are less well known in this model. In more common rodent models
such as rats and mice, it is already well understood that post-natal neurodevelopment is
marked by pronounced increases in brain volume (Jacobs, Ahrens, Dickinson, &
Laidlaw, 1999; Kovacević et al., 2005), MR measures of grey and white matter integrity
(Bockhorst et al., 2008; Calabrese & Johnson, 2013) and brain tissue density (Ferrie et
al., 1999). These same broad patterns are also prominent during human development
(Leppert et al., 2009; Paydar et al., 2014; Y.-C. Wu, Field, Whalen, & Alexander, 2011),
though less pronounced than in mice or rats as the precocial human brain undergoes
much more of its growth while still in the womb (Dobbing & Sands, 1973).
A notable disadvantage for researchers who intend to use guinea pigs for
neurodevelopmental studies is that the existing background literature is limited in
comparison to other rodents. Earlier authors made available detailed but hand-drawn
atlases and histological figures of the guinea pig brain (Potter & Brueck, 1958; Rapisarda
& Bacchelli, 1977; Tindal, 1965). However, there are currently no known modern
histological atlases that compare in depth and utility to those available for rats and mice,
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nor has there actually been any characterization of guinea pig neuronal tissue using
modern MRI methods. Among animals covered by the Animal Welfare Act, which
excludes rats and mice, guinea pigs are actually used in the highest numbers (APHIS,
2011). Considering the popularity and utility of this animal model, there is a distinct need
for an up to date and comprehensive study of its neurodevelopmental characteristics.
IV-A1. Objectives
The intent of this study was to examine post-natal stages of development in the
guinea pig, focusing on anatomical and MR diffusion methods to provide a detailed
portrait of both brain macro- and micro- structure. To do this, we examined male guinea
pigs in-vivo over the course of three post-natal stages of maturation: as immature pups
(18-25 PND), post-pubertal adolescents (46-51 PND) and young adults (118-123 PND).
Our expectations for neurodevelopment-related changes are that with maturation the
animals will show an increase in brain volume, an increase in FA due to myelination, a
decrease in general diffusivity measures (MD, AD, RD), an increase in measures of
kurtosis (MK, AK, RK) due to an increase in microstructural complexity, and a decrease
in tissue water content due to parenchymal density increases as shown by T2 relaxation
images. We also planned to construct a representative group image of the guinea pig
brain at each of the stages. There is currently a profound lack of modern research on
neurodevelopment in guinea pigs, or neurodevelopment studies using DKI methodology
in general. In this chapter we seek to fill this crucial gap and further the state of existing
background research in this underserved animal model.
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IV-B. Specific Methods
IV-B1. Animal Subjects
Six male Hartley guinea pigs were followed with MR acquisitions as pups (18-25
PND), young adolescents (46-51 PND) and adults (118-123 PND). These ages were
chosen due to specific landmarks in neurological development. At approximately three
weeks of age (pups) the carboxylesterase system of the guinea pigs is mature (Ecobichon,
Dykeman, & Hansell, 1978). Between 45-70 PND, the adolescent male guinea pig is
undergoing puberty and experiencing significant hormonal changes and hippocampal
remodeling, and at 6 months they are sexually mature adults (Bartesaghi, Guidi, Severi,
Contestabile, & Ciani, 2003; Wolfer & Lipp, 1995). The exact ages of individual animals
were known to be within the one-week range indicated by the supplier upon arrival to the
animal facility. All experiments were carried out as described in the general methods
section in regards to animal procurement, treatment, and handling. See Table 4.1 and
Figure 4.1 below for a summary of the animal subject characteristics and general timeline
for the experiment described in this chapter.

Figure 4.1: Timeline of Chapter 4 Experiment
Study design for the experiments in this chapter over the course of the animal’s
development. Numbers within arrow bar are approximate PND, with 0 representing day
of birth.
MRI 1 PND
MRI 2 PND
MRI 3
Sex
N
(Pup)
(Adolescent)
(Adult)
Male
6
18-25
46-51
118-123
Table 4.1: Animal Subject Characteristics
The summary table for animal subjects describes the sex, number, and age range in PND
at the time of each of the three MRI acquisitions.
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IV-B2. MRI Methods
All experiments were carried out as described in the general methods section in
regards to MR equipment and materials, as well as general animal handling including
placement of the animal in the MR and anesthesia methods. MR Methods used to track
guinea pig brain maturation in this chapter are described in detail below and include T2weighted anatomical imaging, T2 relaxometry, and DKI acquisitions. These methods
were chosen to track growth-related changes in volume and morphometry, brain tissue
water content, and microstructural integrity, respectively.
For the purpose of generating complete neurodevelopmental atlas images of the
whole brain, the number of coronal slices used was increased to 40. Lengthening the field
of view allowed by that amount allowed us to include the olfactory bulbs and posterior
cerebellum in our T2 images, instead of just the medial forebrain. The parameters for this
slightly modified set of fast spin echo based T2-weighted coronal MR images involved a
repetition time/effective echo time (TR/TEeff) of 8575/43 ms, 8 echoes, a 180° flip angle,
a 35×35 mm2 FOV, 256×256 matrix size, 1 mm slice thickness, 40 slices, and 2 averages.
DKI image parameters were also modified to acquire a greater range of slices in
the anterior and posterior of the brain. Other parameters remained the same, with the DKI
acquisition being a single shot spin echo EPI sequence with TR/TEeff = 8500/45 ms,
matrix size 96×96, 30 gradient directions, 5 images at 0 s/mm2 followed by two b-values
at 1000 s/mm2 and 2000 s/mm2, slice thickness = 1 mm, with 24 slices and 2 averages in
the coronal plane. Images were reconstructed off-line using DKI reconstruction as
described in the General methods chapter (Zhuo et al., 2012).
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T2 relaxation map acquisition used a multi-slice multi-echo (MSME) sequence to
probe reductions in water content indicative of tissue maturity. As this experiment is
primarily concerned with tissue maturation rather than iron-mediated oxidative stress,
this method was used in lieu of the T2* relaxometry described in the general methods. As
detailed in the introduction, a lower T2 relaxation value indicates lower water content and
hence greater tissue maturity (Ferrie et al., 1999; Holland et al., 1986). To obtain these T2
relaxation maps, a spin-echo based multi-slice multi-echo (MSME) T2 sequence with 8
echoes at 13 ms spacing each (ranging from 13 - 104 ms) and a flip angle of 180° for the
excitation pulse. Four slices of MSME images were obtained with a TR of 4s, matrix size
of 256x256, slice thickness of 2 mm using a single average. These four slices through the
forebrain were carefully selected to enable ROI measurement of the T2 relaxation time in
the amygdalae, hippocampus, striatum, and thalamus (Figure 4.2).

Figure 4.2: Example of T2 Relaxation Map Images
Sample image of the four T2- relaxation map slices through the forebrain of an adult
guinea pig from this chapter. The first slice is the posterior portion of the brain starting at
the hippocampus, the last is the anterior portion of the brain including the striatum.
IV-B3. Data Processing
T2 relaxation values were derived in the same manner as the T2* relaxation maps
described in the general methods, manually outlining select ROIs in the multi-echo
relaxation map images instead. These ROIs included the amygdalae, cortex,
hippocampus, striatum, and thalamus. Relaxation values were measured using in-house
software developed within MATLAB. Individual ROIs were outlined on matching T2
images and the slope of the T2 relaxation was calculated over the series of echoes. A
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representative T2 relaxation map image showing one of the cortical ROIs for this
experiment is given in Figure 4.3 below.

Figure 4.3: Representative ROI Image for T2 Relaxometry
ROIs used for T2 relaxometry were manually outlined on a matching T2 image (left,
showing cortical ROI). The slope of the ROI intensity over multiple echo times (TE)
within the image was automatically plotted and fitted to arrive at the calculated T2
relaxation time.
IV-B4. Statistical Analysis
Statistical comparisons were made using the multivariate General Linear Model
(GLM) Repeated Measures function in SPSS (SPSS Statistics for Windows, Version 21.
Armonk, NY: IBM Corp.), as described in the general methods. No treatment factor was
involved in this study, instead only the three chosen developmental time points (pup,
adolescent, adult) were used as within subject repeated measures factor following the six
male guinea pigs over the course of maturation.
IV-C. Results
IV-C1. Brain Growth during Post-natal Maturation
Overall brain volume increased with maturation, by approximately 15% between
the pup and adolescent measurements, and by 11% between the adolescent and adult
stages [F(2,10) = 490.64, p < 0.001]. The same pattern of growth is evident regarding the
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volume of brain parenchymal tissue only [F(2,10) = 611.79, p < 0.001] as well as CSF
[F(2,10) = 46.66, p < 0.001]. A coronal slice-by-slice volumetric analysis revealed the
specific pattern of lengthening and broadening in the whole brain between each of the
three maturational time points, as displayed in Figure 4.4, below. The volumetric profiles
of the cerebellum, forebrain, and olfactory bulbs can be clearly distinguished from left to
right in the graph, respectively.

Figure 4.4: Slice Volume Profile of Post-Natal Neurodevelopment
A) Coronal slice locations (40) for the T2 anatomical acquisition overlaid on an axial
view of an adult guinea pig brain. B) Lines indicate average brain volume on a slice-byslice basis over the three MRI sessions (as pup, adolescent, and adult). The anterior (left)
and posterior (right) slices match those in (A) above. In adults, the standard rodent
stereotactic Bregma and Lambda positions are located at approximately 10 mm and 21
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mm respectively ((Voitenko & Marlinsky, 1993). Black error bars crossing the lines
vertically are ± SE.
Body weight increased at a much faster rate than brain volume post-natally, as
expected for a precocial species (Table 4.2). These weight gains were approximately 88%
between the pup and adolescent measurements, and by ~85% between the adolescents
and young adult stage [F(2,10) = 1219.35, p < 0.001]. We observed no abnormalities in
weight, appearance, grooming, or behavior while handling the animals.

Body Weight (g)
Volume (mm3 )
Whole Brain
Parenchyma
CSF

N
6

Pup
Mean ± SD
230.9 ± 26.5

Adolescent
Mean ± SD
435.3 ± 25.3

Adult
Mean ± SD
806.9 ± 36.9

p
Effect
< .001

6 3512.4 ± 164.0 4045.8 ± 163.8 4530.8 ± 133.5 < .001
6 3347.7 ± 153.6 3829.7 ± 159.1 4282.9 ± 141.4 < .001
6 164.7 ± 31.7
216.1 ± 28.8
247.9 ± 17.2 < .001

Table 4.2: Summary of Body Weight and Whole Brain Volumetrics
The text in the table shows the body weight and brain volumetric measures within the six
male guinea pigs over the course of the three MRI sessions.
The median guinea pig brain figure below (Figure 4.5) is the end result of
applying the median-average methods described above to the in-vivo brain images
acquired during this study. This method removes the edge-blurring artifacts common to
the more widely used mean averaging and provides a crisper image. Images in the
coronal view are at 167×167 micron resolution, while the sagittal and axial views are
each at 1mm x 1 mm.
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Figure 4.5: Median Brain Images over Maturational Stages
Coronal, Axial, and Sagittal T2 images are in the columns and the developmental stage
(pup, adolescent, adult) is shown in the rows. Each image is a combined median average
of the six animals followed in this experiment.
IV-C2. Whole Brain DKI Changes During Brain Maturation
Whole-brain diffusion measures showed distinct effects of maturation on brain
matter integrity and microstructural complexity. As displayed in Figure 4.6, whole-brain
fractional anisotropy (FA) steadily increased with age [F(2,10) = 203.2, p < 0.001]. Mean
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diffusivity (MD) did not change significantly at a whole brain level, as the increase in
axial diffusivity [AD, F(2,10) = 9.27, p = 0.005] and decrease in radial diffusivity [RD,
F(2,10) = 6.32, p < 0.017] appear to have canceled each other out (see figure 4.7, below).
All Kurtosis parameters increased strongly with maturation in the whole brain. Mean
kurtosis [MK, F(2,10) = 6.31, p = 0.017], axial kurtosis [AK, F(2,10) = 8.37, p = 0.007]
and radial kurtosis [RK, F(2,10) = 4.81, p =0.034] all increased, showing very consistent
and similar rises over the ages measured (see figure 4.8, below).
IV-C3. Regional DKI Changes During Post-Natal Maturation
As in the whole brain, FA rose profoundly as a consequence of age within the
individual ROIs. There was almost a uniform increase of FA in all regions except the
cerebral cortex, indicating a general refinement and focusing of the axonal tracts
throughout the brain. Specifically, FA increased within the amygdalae, [F(2,10) = 35.42,
p < 0.001], corpus callosum [F(1.03,5.12) = 16.26, p = 0.009], hippocampus [F(2,10) =
5.59, p = 0.023], striatum [F(2,10) = 60.48, p < 0.001], and thalamus [F(2,10) = 20.43, p
< 0.001]. The predominantly grey matter region of the cerebral cortex was the lone area
that did not show changes in anisotropy. For more detail on the pattern of FA changes
over maturation, see Figure 4.6 and Table 4.3 below.

58

Figure 4.6: Anisotropy Increases During Post-Natal Maturation
Effects of maturation on anisotropy (FA) within selected brain ROIs over the three scan
sessions (1-3). The abbreviation “whole” refers to the whole brain, “Amy” = amygdalae,
“CC” = corpus callosum, “Cor” = cerebral cortex, “Hip” = hippocampus, “Str” =
striatum, and “Tha” = thalamus. Green circles are the values of individual cases. A “*”
indicates a p-value of < .05, “**” indicates a p of < .01, “***” indicates a p of < .001.

FA ROI
Whole Brain
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

N
6
6
6
6
6
6
6

Pup
Mean ± SD
0.24 ± 0.00
0.16 ± 0.01
0.36 ± 0.02
0.18 ± 0.02
0.14 ± 0.01
0.17 ± 0.00
0.20 ± 0.01

Adolescent
Mean ± SD
0.26 ± 0.01
0.21 ± 0.02
0.39 ± 0.01
0.18 ± 0.02
0.15 ± 0.01
0.21 ± 0.01
0.22 ± 0.01

Adult
Mean ± SD
0.28 ± 0.00
0.24 ± 0.02
0.41 ± 0.01
0.18 ± 0.01
0.17 ± 0.01
0.23 ± 0.01
0.25 ± 0.03

p
Effect
< .001
< .001
0.009
0.484
0.023
< .001
< .001

Table 4.3: Summary of Anisotropy Changes
The text in the table shows the FA parameter changes within the six male guinea pigs
over the course of the three MRI sessions. FA is a dimensionless ratio.
Standard diffusivity measures tended to show opposing increases in AD and
decreases in RD, keeping the MD parameter constant during the aging process in most of
the ROIs. In the corpus callosum, only AD increased significantly [F(2,10) = 7.35, p =
0.011] indicating more diffusion along the axonal tracts. More complex, bidirectional
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changes were found in the striatum and thalamus, indicating improved axonal diffusion
along the axon as well as more compact myelin perpendicular to the axon. In the
striatum, AD increased [F(2,10) = 6.33, p = 0.017] while RD decreased [F(2,10) = 8.32, p
= 0.007], In the thalamus, the same pattern of AD increase [F(2,10) = 14.16, p = 0.001]
and RD decrease [F(2,10) = 5.26, p = 0.027] was evident. The amygdalae and
hippocampus shared another pattern of development, wherein diffusion decreased overall
with maturation. In the amygdalae there were decreases in both MD [F(2,10) = 4.70, p =
0.036] and RD [F(2,10) = 16.77, p < 0.001]. This pattern was shared by the hippocampus
as well, which showed a decrease in both MD [F(2,10) = 10.96, p = 0.003] and RD
[F(2,10) = 39.50, p < 0.001]. Just as in the FA measure above, the cerebral cortex was the
lone area of the brain that did not show developmental changes in these diffusivity
measures. The Figure 4.7, below, displays these patterns over the developmental time
points chosen.

Figure 4.7: Diffusivity Changes During Post-Natal Maturation
Effects of maturation on diffusivity (MD/AD/RD) within selected brain ROIs over the
three scan sessions. Connecting lines and significance asterisks are color coded to the
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parameter used, i.e. AD is red, RD is blue, MD is purple. A “*” indicates a p-value of <
.05, “**” indicates a p of < .01, “***” indicates a p of < .001.

MD ROI
Whole Brain
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus
AD ROI
Whole Brain
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus
RD ROI
Whole Brain
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

N
6
6
6
6
6
6
6

Pup
Mean ± SD
0.99 ± 0.02
0.95 ± 0.03
0.99 ± 0.03
0.85 ± 0.03
0.93 ± 0.02
0.88 ± 0.03
0.89 ± 0.03

Adolescent
Mean ± SD
1.00 ± 0.01
0.94 ± 0.01
1.00 ± 0.02
0.85 ± 0.03
0.94 ± 0.02
0.89 ± 0.02
0.92 ± 0.01

Adult
Mean ± SD
0.99 ± 0.03
0.91 ± 0.04
1.00 ± 0.03
0.86 ± 0.02
0.91 ± 0.01
0.87 ± 0.02
0.89 ± 0.03

p
Effect
0.347
0.036
0.850
0.421
0.003
0.274
0.043

6
6
6
6
6
6
6

1.24
1.11
1.38
1.01
1.07
1.04
1.07

±
±
±
±
±
±
±

0.03
0.04
0.03
0.04
0.04
0.04
0.03

1.28
1.15
1.44
1.01
1.08
1.08
1.13

±
±
±
±
±
±
±

0.02
0.02
0.03
0.04
0.02
0.01
0.02

1.29
1.15
1.45
1.02
1.07
1.08
1.11

±
±
±
±
±
±
±

0.04
0.04
0.03
0.02
0.01
0.02
0.03

0.005
0.056
0.011
0.883
0.400
0.017
0.001

6
6
6
6
6
6
6

0.86
0.87
0.80
0.77
0.86
0.80
0.80

±
±
±
±
±
±
±

0.02
0.03
0.04
0.02
0.02
0.03
0.03

0.86
0.84
0.78
0.77
0.87
0.79
0.82

±
±
±
±
±
±
±

0.01
0.02
0.03
0.03
0.02
0.02
0.01

0.84
0.79
0.77
0.78
0.84
0.76
0.77

±
±
±
±
±
±
±

0.02
0.04
0.03
0.02
0.01
0.02
0.04

0.017
< .001
0.230
0.206
< .001
0.007
0.027

Table 4.4: Summary of Diffusivity Changes
The text in the table shows the MD, AD, and RD parameter changes within the six male
guinea pigs over the course of the three MRI sessions. Diffusivity parameters are
expressed in units of 10ˉ³ mm²/s.
Diffusion kurtosis measures were very consistently sensitive to maturation, almost
universally increasing with time. This implies a general increase in microstructural
complexity throughout the brain with development. In the amygdalae, there were
increases in both MK [F(2,10) = 4.93, p =0.032] and AK [F(2,10) = 8.29, p = 0.008]. In
the corpus callosum there were uniform increases in MK [F(2,10) = 12.48, p = 0.002],
AK [F(2,10) = 9.35, p = 0.005], and RK [F(2,10) = 22.04, p < 0.001]. The striatum
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showed similar uniform increases in MK, [F(2,10) = 4.91, p = 0.033], AK [F(2,10) =
5.44, p = 0.025], and RK [F(2,10) = 4.75, p = 0.035]. In the thalamus there were
increases in MK [F(2,10) = 4.69, p = 0.037] and AK [F(2,10) = 7.23, p = 0.011]. The
hippocampus only showed a significant increase in AK [F(2,10) = 4.54, p = 0.039]. The
cerebral cortex was again the only region to show a different pattern than the others, and
the only one to show an actual decrease in RK. In the cerebral cortex, AK increased
[F(2,10) = 14.14, p = 0.001] as expected, but RK decreased [F(2,10) = 9.04, p = 0.006].
Figure 4.8 below shows the pattern of kurtosis measure changes across each region of
interest over the age groups.

Figure 4.8: Kurtosis Changes During Post-Natal Maturation
Effects of maturation on kurtosis (MK/AK/RK) within selected brain ROIs over the three
scan sessions. Connecting lines and significance asterisks are color coded to the
parameter used, i.e. AK is red, RK is blue, MK is purple. A “*” indicates a p-value of <
.05, “**” indicates a p of < .01, “***” indicates a p of < .001.
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MK ROI
Whole Brain
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus
AK ROI
Whole Brain
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus
RK ROI
Whole Brain
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

N
6
6
6
6
6
6
6

Pup
Mean ± SD
0.74 ± 0.02
0.59 ± 0.02
0.70 ± 0.03
0.59 ± 0.04
0.60 ± 0.03
0.68 ± 0.03
0.78 ± 0.03

Adolescent
Mean ± SD
0.78 ± 0.05
0.66 ± 0.11
0.74 ± 0.05
0.55 ± 0.03
0.61 ± 0.04
0.73 ± 0.08
0.80 ± 0.05

Adult
Mean ± SD
0.88 ± 0.10
0.83 ± 0.19
0.81 ± 0.05
0.64 ± 0.06
0.64 ± 0.06
0.82 ± 0.10
0.92 ± 0.12

p
Effect
0.017
0.032
0.002
0.008
0.302
0.033
0.037

6
6
6
6
6
6
6

0.67
0.56
0.63
0.58
0.59
0.63
0.72

±
±
±
±
±
±
±

0.02
0.02
0.04
0.05
0.04
0.03
0.04

0.74
0.69
0.68
0.60
0.61
0.70
0.76

±
±
±
±
±
±
±

0.07
0.15
0.06
0.04
0.05
0.10
0.06

0.86
0.90
0.77
0.73
0.70
0.82
0.95

±
±
±
±
±
±
±

0.12
0.19
0.07
0.08
0.10
0.13
0.16

0.007
0.008
0.005
0.001
0.039
0.025
0.011

6
6
6
6
6
6
6

0.83
0.60
0.88
0.66
0.62
0.76
0.83

±
±
±
±
±
±
±

0.02
0.02
0.04
0.04
0.04
0.03
0.03

0.87
0.63
0.93
0.60
0.62
0.80
0.84

±
±
±
±
±
±
±

0.04
0.09
0.04
0.03
0.03
0.06
0.04

0.93
0.77
0.99
0.61
0.62
0.85
0.89

±
±
±
±
±
±
±

0.07
0.16
0.02
0.04
0.03
0.06
0.07

0.034
0.100
< .001
0.006
0.942
0.035
0.073

Table 4.5: Summary of Kurtosis Changes
The text in the table shows the MK, AK, and RK parameter changes within the six male
guinea pigs over the course of the three MRI sessions. Kurtosis parameters are
dimensionless ratios.
IV-C4. T2 Relaxation Time Reduces with Maturation
Reflective of the tissue water content decreases expected of the maturing brain,
T2 relaxation decreased reliably over time in the age groups examined. T2 relaxation
decreases were observed within the corpus callosum [F(2,10) = 67.62, p < 0.001],
cerebral cortex [F(2,10) = 7.52, p = 0.010], hippocampus [F (2,10) = 5.94, p = 0.020],
and striatum [F(2,10) = 15.95, p < 0.001]. Changes were specific to brain regions
examined; no T2 relaxation changes were noted at the whole-brain level or within the
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thalamus or amygdalae. Figure 4.9 shows the pattern of T2 relaxation decreases across
each region of interest over time, while Table 2 includes a broad summary of the strength
and direction of T2 changes in the last column.

Figure 4.9: T2 Relaxation Changes During Post-Natal Maturation
Effects of maturation on T2 relaxation within selected brain ROIs over the three scan
sessions. Blue circles are the values of individual cases A “*” indicates a within group pvalue of < .05 or less, “**” indicates a p of < .01, “***” indicates a p < .001.

T2 (ms) ROI:
Whole Brain
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

N
6
6
6
6
6
6
6

Pup
Mean ± SD
58.90 ± 0.68
60.82 ± 0.47
54.99 ± 1.20
56.62 ± 1.30
58.96 ± 0.89
54.82 ± 1.07
51.13 ± 1.07

Adolescent
Mean ± SD
58.78 ± 0.76
60.92 ± 1.25
51.44 ± 0.47
56.86 ± 0.94
58.35 ± 0.52
54.89 ± 0.37
50.87 ± 0.81

Adult
Mean ± SD
58.80 ± 1.84
59.35 ± 2.97
46.56 ± 2.00
54.78 ± 0.70
57.12 ± 1.39
52.27 ± 1.35
49.79 ± 2.92

p
Effect
0.934
0.354
< .001
0.010
0.020
< .001
0.359

Table 4.6: Summary of T2 Relaxometry Changes
The text in the table shows the T2 relaxometry parameter changes within the six male
guinea pigs over the course of the three MRI sessions. All relaxation time values are
expressed in ms.
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IV-D. Discussion
Overall brain volume increased with development as expected, as did DKI
measures of axonal integrity and microstructural complexity. Decreases were evident in
diffusivity and T2 measures of water content, also consistent with maturation of brain
tissue. These results are novel, being the first known MR measures of guinea pig
neurodevelopment. Taken together, our findings provide a great amount of new
information about the timing and pattern of neurodevelopment in the male guinea pig.
IV-D1. Volumetric changes in the developing guinea pig brain
Prior studies on guinea pig brain development relied on measures of weight and
volume increases (Altman & Das, 1967; Dobbing & Sands, 1970), but did not venture
into detail on where these increases were focused in the brain. In the current study, the
slice-by-slice volumetric measures (Figure 4.4) and median image (Figure 4.5) for each
stage of maturation is provided. One important feature that these new methods show
clearly is that the overall shape of the brain changes greatly during the post-natal stage.
In the slice-by-slice volumetric analysis and the sagittal and axial median images,
it is evident that much of the brain growth during maturation is an overall lengthening of
the brain parenchyma in the anterior-posterior direction. It is unclear at this point whether
this is merely a function of cranial bone growth or part of the actual maturation of this
tissue. This pattern of growth has also been noted in an albino mouse model, wherein
age-related changes primarily affect the AP brain shape and not the other axes (Slotnick
& Leonard, 1981). Brain growth during post-natal development in humans is more
symmetrical, with little deviation in overall length or shape compared to the other axes
(Dobbing & Sands, 1973; Pfefferbaum et al., 1994).
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IV-D2. DKI changes in the developing guinea pig brain
DKI methods revealed several major findings; a strong increase in axonal
diffusivity as reflected by the FA and AD parameters, increased myelin integrity as
reflected by RD, and general increases in microstructural complexity as shown by MK,
AK, and RK. These results were evident in the brain as a whole and in each ROI with the
exception of the cerebral cortex. These findings were consistent with those from prior rat
and human research, particularly the strong FA increases and directional diffusion (AD,
RD) decreases (Calabrese & Johnson, 2013; Petra S Hüppi & Dubois, 2006).
Among the ROIs examined, the corpus callosum, amygdala, striatum, and
thalamus showed the strongest increases in white matter integrity (as measured by
anisotropy / FA), and microstructural complexity (as measured by the kurtosis parameters
/ MK, AK, AK). This leads one towards the hypothesis that these areas undergo the most
rapid neurodevelopment postnatally, in comparison with the more slowly changing
regions of the hippocampus and cerebral cortex. Alternately, this may be due to the
preferential sensitivity of DKI measures to anisotropic white matter regions, as the T2
relaxation measures show the hippocampus and cerebral cortex maturation progressing at
similar rates to the other ROIs. In rats (Calabrese & Johnson, 2013), measures of
diffusivity in white matter areas (corpus callosum, cingulum, internal capsule, etc.) were
seen to level off after 40 PND. These values settled at an approximate stable FA of .5 and
MD of .2 to .3 (10ˉ³ mm²/s), far lower than the approximate stable .5 FA and 1.0 MD
values observed in the corpus callosum of the adult guinea pig here. In the corpus
callosum of the developing human infant, FA levels off at approximately .7 and MK at .9
by the third year after birth (Paydar et al., 2014). It is evident from this that the diffusion
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parameters of the guinea pig brain are closer to those of humans than rats, at least for the
few developmental stages examined in the literature using these methods. This similarity
is another point in their favor for use in human translational research. Without further
time points and a longer period of study over the animal’s lifespan it is difficult to say
whether any of these values have reached an asymptote or will even continue in the
direction shown in these results.
The development of the corpus callosum is of particular interest, and it is also one
of the more straightforward changes presented here. As a predominantly white matter
region, neurodevelopment results in a greater amount of myelination. This limits the flow
of periaxonal cytoplasm to a preferred direction, which naturally results in the increase in
FA and AD observed here and in other rodent studies (Bockhorst et al., 2008; Larvaron et
al., 2007). This is also reflected in the kurtosis parameters, where the distribution of water
diffusion becomes less Gaussian overall, especially running along the axonal tract where
the random movement of periaxonal cytoplasm is increasingly limited to one direction.
The amygdala, hippocampus, striatum and thalamus followed similar patterns in
terms of DKI changes during post-natal development. These areas are mixed grey and
white matter regions, and show a more complex set of changes than the more
homogenous white matter tracts of the corpus callosum or grey matter of the cerebral
cortex (Calabrese & Johnson, 2013). For example, in the corpus callosum above, the
increases in FA and AD can be attributed to a more focused flow of periaxonal
cytoplasm. The MD and RD changes are related to a compaction of myelin that may
occur during maturation of these tracts.
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It is possible that this particular myelination event occurs later in these mixed
structures than in the corpus callosum, or that this reduction in RD instead can be
attributed to the increasing tissue density and microstructural complexity of the
surrounding grey matter in these regions. The latter hypothesis is supported by the T2
relaxation and kurtosis measurements, which tend to show such increases in general
tissue density and complexity over time.
Interestingly, the cerebral cortex did not follow the pattern of whole-brain
changes in DKI measures as closely as the other regions, implying a different course of
developmental timing or more subdued post-natal tissue changes in these predominantly
grey matter regions. This is also consistent with the rat and human studies (Calabrese &
Johnson, 2013; Petra S Hüppi & Dubois, 2006), which also found that gray matter
structures such as the cerebral cortex did not tend to show diffusivity changes during
postnatal neurodevelopment. It should be noted that kurtosis measures and T2 relaxation
still detected changes in tissue density and microstructural complexity with development
in the cerebral cortex, even if the standard measures of anisotropy and diffusivity were
not informative here.
IV-D3. The Sensitivity of Axial Kurtosis to Neurodevelopment
As the guinea pig brain matured, the microenvironment for water diffusion
becomes more complex as demonstrated by the consistent decreases in T2 relaxation,
MD, and kurtosis parameters. The AK parameter was particularly sensitive to maturationrelated changes, being significantly increased in every region examined. The enhanced
sensitivity of kurtosis parameters to normal neurodevelopmental changes is a major
factor in favor of their use in the following chapters.
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Another interesting pattern noted in the kurtosis graphs (figure 4.8) is that within
the whole brain, amygdalae, striatum and thalamus ROIs, there was a tendency for the
kurtosis measures to converge with age. That is, AK was much higher relative to RK for
the younger animals but grew more similar with age. In white matter areas such as the
corpus callosum, AK and RK are highly divergent, and grey matter areas such as the
cerebral cortex and hippocampus showed more similar kurtosis values. The whole brain,
amygdalae, striatum, and thalamus are composed of a mixture of grey and white matter,
and their convergence at later ages may be due to gaining a more complex grey matter
microenvironment upon maturation. This convergence is not reflected in the conventional
diffusivity measures, and again provides support for the assertion that kurtosis is more
sensitive to grey matter changes.
IV-D4. T2 Relaxation time decreases over maturation
T2 relaxation time decreased profoundly in both grey and white matter areas,
particularly within the corpus callosum, cerebral cortex, hippocampus, and striatum. The
steepest decrease was found in the corpus callosum, a region nearly entirely composed of
white matter. The water content of nervous tissue is known to decrease in the guinea pig
brain during development (Leppert et al., 2009; Wender & Hierowski, 1960). These T2
reductions are consistent with expectations of a developing brain (Ferrie et al., 1999), and
complement the DKI measures which also showed strong age-dependent effects in these
areas.
IV-D5. Isoflurane and Neurodevelopment
Isoflurane was used as an anesthetic for each of the three MRI acquisitions in this
chapter. While this is not considered a treatment or intervention in the study design, its
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possible effect on the results is worth considering. The current opinion on what
neurological effects isoflurane may have is conflicted. Some relevant studies of
isoflurane administration (1-2% for several hours per day) in rats seem to have beneficial
effects in terms of neuroprotection and even behavioral performance (Su et al., 2012),
whereas other studies using similar doses show the opposite effect of neurotoxicity and
behavioral impairment (Culley, Baxter, Yukhananov, & Crosby, 2004; Terry et al.,
2012). The strongest case for multiple doses of isoflurane having no meaningful effect on
these results is that a mouse study examining the long term effects of isoflurane in a
controlled fashion found no neurodevelopmental changes stemming from isoflurane
treatments in either behavior or brain neurochemistry (Kulak, Duarte, Do, & Gruetter,
2010). Due to the aforementioned lack of evidence for neurodevelopmental alterations
attributable to isoflurane, we do not consider it to be a dominant factor in the results of
this experiment. Further, these imaging studies cannot be carried out in guinea pigs
without the aid of anesthesia due to animal movement issues and ethical concerns.
IV-D6. Conclusion
To our knowledge this is the first study to examine changes in the brain structure
of guinea pigs over multiple stages of post-natal neurodevelopment using MRI. It is also
one of few studies to use DKI measures to assess neurodevelopmental changes. Here, we
showed that the developing guinea pig brain was characterized by strong increases in
volume, tissue density and maturity, grey and white matter integrity, and microstructural
complexity. These changes are not only reliably detected using MR methods; they are
also consistent with findings in humans and other rodent models. Together, these findings
provide a great deal of information about the pattern of brain development in male guinea
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pigs as well as aid further research by providing normative values for widely used MR
modalities.
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V. EFFECTS OF PRENATAL EXPOSURE TO CPF IN GUINEA PIGS
V-A. Introduction
The work presented earlier in chapter IV provided a baseline of the rate and
features of general neurodevelopment in the postnatal male guinea pig. For our next step,
we decided to investigate the effects on the longitudinal development of the brain
following exposure to CPF at various developmental stages. This chapter looks at the first
of these time points when viewed in terms of the lifespan of the animal. Here, we
investigated the effects of CPF when it was administered to pregnant guinea pig dams,
with our outcome of interest being the long-term neurodevelopmental effects on the
resulting pups. As detailed in the General Introduction (I-C1), this outcome is extremely
relevant to human health concerns for pregnant mothers that may be exposed to CPF
occupationally or by proximity to its application as a pesticide. In human fetuses so
affected, serious neurodevelopmental consequences are known to occur including
attentional, behavioral, and cognitive deficits (Marks et al., 2010; V. A. Rauh et al., 2006,
2012; V. Rauh et al., 2011). The present experiment and the following chapters (V-VII
focus exclusively on female offspring. This is because previous studies have provided
evidence that the cognitive deficits that develop following prenatal exposure of rodents to
CPF are sex selective, being far more evident among females than males (Haviland et al.,
2010; E D Levin et al., 2001; Edward D Levin et al., 2002; Ricceri et al., 2006).
The present chapter tests the hypothesis that in utero exposure of guinea pigs to
CPF causes cognitive deficits that are accompanied by disruption of the structural
integrity of cerebral cortical structures. We exposed guinea pigs to sub-acute doses of
CPF or to peanut oil during a critical prenatal period of brain development. Upon
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adulthood, we assessed their spatial learning performance in the Morris water maze and
the structural integrity of their brains in in vivo magnetic resonance imaging (MRI). The
MRI portion of the study focused on three types of analyses: volumetric, diffusion, and
behavior. From conventional T2-weighted images, we obtained accurate in vivo
volumetric measurements of the forebrain. The prenatal period of interest to this study is
a peak time of brain growth in both guinea pigs and humans, particularly in the frontal
and striatal areas of the brain. From diffusional kurtosis imaging (DKI) analyses, we
obtained measurements of fractional anisotropy (FA) and diffusivity, which are
informative of the structural integrity of white matter as well as kurtosis metrics that
have been strongly linked to the integrity of cellular microstructure.
V-A1. Objective
In this chapter, we hypothesized that animals exposed to CPF during the sensitive
prenatal brain growth spurt would display deficits in brain volume, white matter and
microstructural integrity, and deficits in measures of learning and behavior. Furthermore,
we also predicted that these deficits would be comparable with those found in both
humans and other animal models prenatally exposed to CPF. To our knowledge this is the
first study to investigate in vivo microstructural changes in conjunction with behavioral
measures following in-utero exposure to CPF.
V-B. Specific Methods
V-B1. Animal Subjects
Pregnant female Hartley guinea pigs were purchased from Charles River
Laboratories (Wilmington, MA). On arrival, guinea pigs were at gestation day (GD) 3338. Animals were kept in a light and temperature-controlled animal care facility, with
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food and water provided ad libitum. Starting on approximately the 50th day of gestation,
dams were given a subcutaneous injection between the shoulder blades consisting of
either CPF dissolved in peanut oil (25 mg/kg) of peanut oil (0.5 ml/kg) as a vehicle
control. The treatments were repeated every 24 h consecutively for a total of ten days.
CPF and peanut oil were purchased from Sigma Aldrich (St. Louis, MO). Four of these
dams were injected with CPF, bearing 10 (n = 1, 2, 3, 4) female offspring, and five were
injected with PO, bearing 10 (n = 1, 2, 2, 2, 3) female offspring.
The resulting guinea pig pups were born on gestation day 67-72 and weaned on
postnatal day (PND) 15-20. After weaning, offspring were housed according to sex in
groups of two to four animals/cage. Behavioral and MR experiments took place after
weaning starting at 26 PND (Figure 5.1 & Table 5.1). All experiments were carried out as
described in the general methods section in regards to animal procurement, anesthesia,
and animal handling.

Figure 5.1: Timeline of Chapter 5 Experiment
Study design for the experiments in this chapter over the course of the animal’s
development. Numbers within arrow bar are approximate PND, with 0 representing day
of birth.
Group
PO (Vehicle)
CPF (Treated)

Sex
Female
Female

N
10
10

OF PND
26-35
27-35

MWM PND
37-49
38-46

MRI PND
65-76
65-76

Table 5.1: Animal Subject Characteristics
The summary table for animal subjects describes the groups, sex, number, and age range
in PND at the onset of the behavioral testing and MRI acquisitions. OF = Open field test,
MWM = Morris water maze.
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V-B2. Behavioral Tasks
The Morris water maze (MWM) and open field tests were used as behavioral
measures in this chapter. As described in the introduction (I-F), the open field was
employed to assess possible changes due to CPF in anxiety and locomotor activity, while
the MWM was used to examine spatial learning and memory. These tasks were carried
out as described in the general methods, with specific details for the MWM described
below. The behavioral tests were performed approximately one month prior to the MR
acquisition.
V-B1.1. Open Field Task
Starting on PND 26-35, the open field task was used to determine if there were
any CPF-induced differences in the exposed offspring in terms of anxiety and
locomotion. This was carried out in accord with the procedures outlined in the General
Methods section (III-D1).
V-B1.2. Morris Water Maze
Starting on PND 37-49, the cognitive behavior of the female guinea pigs was
assessed by their ability to find a hidden platform in the Morris water maze as described
in the general methods chapter. Magnetic resonance imaging (MRI) of humans and
rodents has shown that short-term learning tasks trigger transient, albeit significant
structural changes in white and grey matter of specific brain regions, including the
hippocampus (Hofstetter, Tavor, Tzur Moryosef, & Assaf, 2013; Sagi et al., 2012).
Therefore, in the present study, animals were subjected to MRI no earlier than 10 days
after the last training day in the Morris water maze.
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V-B3. MR Parameters
All experiments were carried out as described in the general methods section in
regards to MR equipment and materials, as well as general animal handling including
placement of the animal in the MR and anesthesia methods. MR Methods used in this
chapter and described in more detail below include T2-weighted anatomical imaging, T2*
relaxometry, DKI, and 1H-MRS. These methods were chosen to assess the effects of CPF
exposure on volume and morphometry, oxidative stress, microstructural integrity, and
biochemistry, respectively.
T2 anatomical images were acquired to ascertain the amount of volumetric
changes, particularly focusing on the hypoplasia of the forebrain found to result from
similar OP compounds after prenatal exposure (Mehl et al., 1994, 2007). Fast spin echo
based T2-weighted MR images were obtained with a repetition time/effective echo time
(TR/TEeff) of 6197/60 ms, 8 echo trains, a 35×35 mm2 field of view (FOV), and a matrix
size of 256×256. A total of 20 slices at 1 mm slice thickness and two averages were
obtained in the coronal plane for a total acquisition time for the T2 acquisition of of 7
min, 21 s.
DKI images were used to assess potential neurotoxic disruptions to white and
grey matter integrity. The coronal slice locations of these images matched those of the
earlier T2 volumetric acquisition. The DKI images were acquired with a single shot spin
echo EPI sequence with a TR/Teeff of 8500/45 ms, a matrix size of 96×96, 30 gradient
directions, and 5 images at 0 s/mm2 followed by two b-values at 1000 s/mm2 and 2000
s/mm2. A total of 20 coronal slices at 1 mm slice thickness and two averages were
obtained for a total acquisition time of 18 min, 25 s. Images were reconstructed off-line
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using DKI reconstruction as described in the General methods chapter (Zhuo et al.,
2012).
To obtain T2* relaxation maps to measure iron content and oxidative stress, a
twelve echo gradient echo sequence with the first echo occurring at 4.5 ms, with echo
spacing of 5.5 ms (4.5 – 65.0 ms) was used. Images were acquired in the coronal plane at
a TR of 1.5 sec, FOV = 42×42 mm2, matrix size = 134×134, slice thickness = 2 mm,
number of slices = 10, and number of averages = 4. Total acquisition time for the T2*
relaxation maps was 10 min.
1

H-MRS data were acquired immediately following the MRI acquisitions (T2,

T2*, DKI). Outer volume suppression combined with point-resolved spectroscopy
(PRESS) sequence was used for signal acquisition, with TR/TE = 2500/20 ms, spectral
bandwidth = 5 kHz, number of data points = 2048, number of averages = 550 for the
hippocampus and 600 for the striatum. Total acquisition time was 23 min 5 s for the
hippocampal voxel and 25 min 10 s for the striatum voxel. Localized 1H-MRS was
acquired from two locations, the right hippocampus (3×7×3 mm3) and the right striatum
(4×4×4.5 mm3). The hippocampus and striatum are two areas of the brain that undergo a
great deal of metabolite change during neurodevelopment and are thus logical targets for
the disruptive effect of CPF during prenatal development (Tkác et al., 2003).
V-B4. Statistical Analysis
Statistical comparisons were made between the Treatment (CPF) and vehicle
(peanut oil) groups using the multivariate General Linear Model (GLM) function in SPSS
(SPSS Statistics for Windows, Version 21, Armonk, NY: IBM Corp.). The dependent
values (behavior, volumetrics, diffusion measures, etc.) were compared using group (CPF
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or vehicle) as the factor, and the GLM least squares corrected model was used to correct
for correlated measures within each modality (behavioral, volumetric, diffusion).
Pearson's r bivariate correlations were used to assess the relationship between behavior,
volumetric measures, and diffusion parameters.
V-C. Results
V-C1. Behavioral Tasks show Spatial Impairment
V-C1.1. Morris Water Maze Performance
Learning to escape onto the hidden platform in the Morris water maze was
significantly impaired in guinea pigs that had been prenatally exposed to CPF. A GLM
repeated measures test with training day as the repeated measure revealed a significant
main effect of training day [F (4, 72) = 18.768, p < 0.001] and treatment [F (1, 18) =
4.435, p = 0.050] on escape latency (Figure 5.2 & Table 5.2) for guinea pigs that had
been exposed prenatally to CPF. It took longer for the CPF animals to find the hidden
platform than control animals only exposed to PO. The CPF-treated group also swam a
longer distance before reaching the platform [F(1,18) = 4.431, p = 0.05]. The swim
speeds of the guinea pigs and measures of thigmotaxis were comparable regardless of
whether they had been prenatally exposed to CPF or PO (Table 5.2). This indicates that
the delay in escape latency is due to an inability to find the platform and is not merely a
consequence of motor impairment.
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Figure 5.2: Morris water maze (MWM) results.
Left: Line graph of mean escape latency in seconds for each of five training days (1-5).
Right: Line graph of swim distance in meters for each of the five training days. Error
bars represent SE.
V-C1.2. Open Field Performance
A GLM repeated measures analysis was used with training day (1-2) as the
repeated measure and animal age and treatment as between subject factors. The CPFtreated animals did not show any differences in apparent anxiety or locomotor activity.
Specifically, there no treatment group differences in the amount of time spent exploring
the central quadrant or overall movement between PO and CPF animals in this task
(Table 5.2).
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MWM Training
Escape Latency (s)
Distance Traveled (m)
Swim Speed (m/s)
Thigmotaxis Time
Thigmotaxis Distance
MWM Probe
Platform Entries (#)
Quadrant Time (s)
Distance Traveled (m)
Swim Speed (m/s)
Open Field
Total Distance (m)
Center Distance (m)
Center Entries (#)
Center Time (s)

PO
N Mean ± SD
10 63.71 ± 10.17
10 19.31 ± 2.67
10
0.31 ± 0.04
10
0.43 ± 0.12
10
0.38 ± 0.07

CPF
N Mean ± SD
10 73.70 ± 11.01
10 22.36 ± 3.71
10
0.31 ± 0.30
10
0.46 ± 0.09
10
0.44 ± 0.08

p Effect
0.050
0.050
0.796
0.520
0.160

10
10
10
10

2.90
20.05
36.88
0.41

±
±
±
±

1.85
9.90
3.59
0.04

10
10
10
10

1.50
25.65
34.41
0.38

±
±
±
±

1.18
10.43
2.73
0.03

0.059
0.234
0.101
0.101

10
10
10
10

59.39
1.12
3.20
4.37

±
±
±
±

32.19
0.75
2.48
4.48

10
10
10
10

53.18
1.21
3.70
4.31

±
±
±
±

19.97
1.09
3.13
4.93

0.726
0.961
0.894
0.889

Table 5.2: Behavioral Task Results
MWM training and probe tests with open field results. P values and effect size bars are
for treatment differences (PO vs. CPF).
V-C2. Lowered Body Weight and Forebrain Hypoplasia
Offspring exposed to CPF in the womb presented with a severely reduced body
weight compared to the age-matched vehicle controls. At the time the animals were
imaged (i.e., on PND 65-76), guinea pigs that had been prenatally exposed to CPF had
approximately 11.0% lower body weight than those exposed only to peanut oil ([F(1, 18)
= 4.84, p = 0.041], Table 5.3).
Further, analysis of in vivo MRI revealed that the overall volume of the forebrain
including parenchyma & internal cerebrospinal fluid (CSF) space was ~4.9% lower
within the CPF exposed guinea pigs than among the control, age-matched animals [F(1,
18) = 10.94, p = 0.004]. Likewise, forebrain parenchymal volume was ~4.8% lower
among CPF-exposed guinea pigs than among control animals [F(1, 18) = 10.12, p =
0.005]. Body weight was uncorrelated with forebrain or parenchymal volume, indicating
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that these differences were not simply dependent on the overall body weight. As shown
in Figure 5.3, significant reductions of volume by prenatal exposure to CPF were
confined to the frontal areas of the brain.

Body Weight (g)
Volume (mm 3 )
Forebrain
Parenchyma
CSF
Striatum

N
10

PO
Mean ± SD
496.7 ± 47.4

N
10

10 2827.4 ± 75.5
10 2734.0 ± 80.9
10
93.4 ± 12.9
10 111.5 ± 6.8

CPF
Mean ± SD
441.7 ± 63.4

10 2690.0 ± 107.5
10 2603.0 ± 102.1
10
87.0 ± 14.9
10 102.3 ± 5.9

p Effect
0.041
0.004
0.005
0.318
0.005

Table 5.3: Summary of Body weight and Forebrain Volumetrics
Body weight in grams and volumetric measures for various brain tissue types in mm3.
Results shown are mean ± SD.
In agreement with the anterior forebrain volume reductions found above, the CPF
group had an ~8.3% reduction in striatal volume compared to the PO group [F(1, 18) =
10.45, p = 0.005]. Striatal volume was very strongly correlated with both forebrain
volume [r = .834, p < .001] and parenchymal volume [r = .837, p = .000], suggesting that
its reduction may be responsible for much of the anterior forebrain atrophy. The
neighboring borders of the amygdalae could not be clearly delineated on T2 images,
precluding an accurate volumetric analysis.

81

Figure 5.3: Effects of prenatal CPF on brain volume
The filled area in the line graph above shows brain volume variations in CPF-injected
animals on a slice-by-slice basis in comparison with vehicle-injected (PO) animals. The
axial T2 -weighted image above (A) displays the anatomical slice location for the
volumes shown on the line graph below (B).* within slice indicates p < 0.05; ** indicates
p <0.01, *** indicates p < 0.001.
V-C3. Myelin and Microstructural Disruption
Fractional anisotropy (FA) and axial diffusivity (AD) were noticeably higher in
the corpus callosum, the largest white matter structure in the brain, than in the
amygdalae, cerebral cortex, hippocampus, striatum, and thalamus of all guinea pigs
(Figure 5.4). Prenatal exposure to CPF caused a significant reduction of FA in the corpus
callosum [F(1,18) = 7.33, p = .014]. No effect was detected by the other diffusivity
measures (MD, AD, RD). Analysis of the DKI parameters, which are strongly linked to
82

the complexity of the cellular microstructure, provided additional evidence of the impact
that prenatal exposure to CPF has on the structural integrity of the corpus callosum. As
shown in Figure 5.3, all three kurtosis measures; MK [F(1,18) = 8.43, p = .009], AK
[F(1,18) = 8.89, p = .008], and RK [F(1,18) = 6.23, p= .023] were significantly lower in
the corpus callosum of CPF animals compared to controls (Table 5.4).
DKI parameters also differed strongly within the striatum and amygdalae (see
Figures 5.4 & 5.5). In the striatum there was a decrease in FA [F(1,18) = 9.71, p= .006]
and an increase in MD [F(1,18) = 7.71, p= .012], RD [F(1,18) = 13.66, p= .002], and RK
[F(1,18) = 4.48, p= .048] in the CPF group. The amygdalae displayed the same pattern,
with a decrease in FA [F(1,18) = 13.07, p= .002] and increase in MD [F(1,18) = 6..03, p=
.024] and RD [F(1,18) = 12.49, p= .002]. This consistent pattern of diffusion parameter
changes (decreased FA & MK, increased MD & RD, Table 5.4) in the striatum and
amygdalae strongly suggests compromised axonal integrity or demyelination among the
CPF treated animals. The observed DKI alterations were specific to the corpus callosum,
striatum, and amygdalae and were not evident in the other regions examined, including
the medial cerebral cortex, hippocampus, and thalamus (Tables 5.4-6).

Figure 5.4: Boxplots of Diffusivity changes
Boxplots of the effects of CPF on diffusivity changes as determined by DKI parameters
(FA, MD, RD) in several brain areas. Significant changes between the two groups were
observed. * indicates p < 0.05; ** indicates p <0.01.
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Figure 5.5: Boxplots of Kurtosis changes
Boxplots of the effects of CPF on microstructural complexity changes as determined by
DKI parameters (MK, AK, RK) in several brain areas. Significant changes between the
two groups were observed. * indicates p < 0.05; ** indicates p <0.01.
FA ROI:
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

N
10
10
10
10
10
10

PO
Mean ±
0.22 ±
0.41 ±
0.18 ±
0.15 ±
0.21 ±
0.23 ±

SD
0.02
0.02
0.02
0.01
0.01
0.01

N
10
10
10
10
10
10

CPF
Mean ±
0.20 ±
0.39 ±
0.19 ±
0.15 ±
0.20 ±
0.22 ±

SD
0.01
0.02
0.02
0.01
0.01
0.01

p Effect
0.002
0.014
0.377
0.128
0.006
0.155

Table 5.4: DKI Anisotropy Results
Group differences in the DKI anisotropy measure (FA) are summarized in this table. Data
is presented as mean ± standard deviation. FA is a dimensionless ratio.
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MD ROI:
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus
AD ROI:
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

PO
N Mean ± SD
10
0.91 ± 0.01
10
0.98 ± 0.02
10
0.84 ± 0.02
10
0.92 ± 0.02
10
0.84 ± 0.01
10
0.95 ± 0.03

CPF
N Mean ± SD
10
0.93 ± 0.02
10
0.99 ± 0.03
10
0.83 ± 0.03
10
0.92 ± 0.02
10
0.86 ± 0.02
10
0.94 ± 0.03

p Effect
0.024
0.243
0.427
0.465
0.012
0.826

10
10
10
10
10
10

1.12
1.42
1.00
1.06
1.04
1.17

±
±
±
±
±
±

0.02
0.04
0.02
0.02
0.02
0.03

10
10
10
10
10
10

1.12
1.41
1.00
1.06
1.04
1.16

±
±
±
±
±
±

0.03
0.02
0.04
0.02
0.02
0.03

0.891
0.660
0.903
0.808
0.759
0.380

10
10
10
10
10
10

0.80
0.76
0.76
0.84
0.74
0.83

±
±
±
±
±
±

0.02
0.03
0.03
0.02
0.01
0.03

10
10
10
10
10
10

0.83
0.78
0.75
0.85
0.77
0.83

±
±
±
±
±
±

0.02
0.04
0.03
0.02
0.02
0.03

0.002
0.118
0.311
0.344
0.002
0.919

RD ROI:
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

Table 5.5: DKI Diffusivity Results
Group differences in DKI diffusivity measures are summarized in this table. Data is
presented as mean ± standard deviation. MD, AD, and RD are expressed in units of 10ˉ³
mm²/s.
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MK ROI:
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

PO
N Mean ± SD
10
0.62 ± 0.05
10
0.77 ± 0.03
10
0.57 ± 0.02
10
0.61 ± 0.03
10
0.70 ± 0.03
10
0.82 ± 0.04

CPF
N Mean ± SD
10
0.58 ± 0.03
10
0.74 ± 0.02
10
0.56 ± 0.05
10
0.61 ± 0.03
10
0.68 ± 0.03
10
0.80 ± 0.04

p Effect
0.087
0.009
0.410
0.722
0.374
0.233

10
10
10
10
10
10

0.62
0.69
0.61
0.60
0.66
0.77

±
±
±
±
±
±

0.07
0.02
0.02
0.04
0.05
0.05

10
10
10
10
10
10

0.59
0.66
0.60
0.60
0.65
0.76

±
±
±
±
±
±

0.03
0.02
0.05
0.04
0.04
0.06

0.246
0.008
0.391
0.991
0.684
0.549

10
10
10
10
10
10

0.61
1.01
0.62
0.62
0.78
0.86

±
±
±
±
±
±

0.05
0.06
0.01
0.02
0.02
0.03

10
10
10
10
10
10

0.58
0.96
0.61
0.62
0.75
0.83

±
±
±
±
±
±

0.04
0.04
0.04
0.02
0.03
0.03

0.071
0.023
0.539
0.494
0.048
0.054

AK ROI
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

RK ROI
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

Table 5.6: DKI Kurtosis Results
Group differences in kurtosis measures are summarized in this table. Data is presented as
mean ± standard deviation. MK, AK, & RK are dimensionless ratios.
V-C4. Complex Relationship between Forebrain Volume and DKI
The correlation between forebrain volume and diffusion measures was examined
to determine if the microstructural integrity of the affected areas was related to the
disruptive effect of CPF on overall forebrain volume. Forebrain volume was closely
related to diffusion measures in the striatum, being negatively correlated with striatal MD
[r = -.496, p = .026] and RD [r = -.507, p = .022] and positively correlated with striatal
MK [r = .551, p = .012], AK [r = .463, p = .040], and RK [r = .580, p = .007] as shown by
the scatter plots in Figure 5.5. Significant positive correlations were also found between
forebrain volume and measures of FA [r = .462, p = .041], MK [r = .451, p = .046], and
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AK [r = .475, p = .034] in the corpus callosum, as shown by the scatter plots in Figure
5.6. These findings are consistent with expectations of higher axonal integrity being
associated with a more normal or “healthy” brain volume. All other ROIs used in the DKI
measures were not significantly correlated with forebrain volume. Striatal volume and
striatal diffusion measures were not significantly correlated, and amygdalar volume was
not calculated, as the borders of these structures could not be accurately delineated on T2
images.

Figure 5.6: Forebrain volume & striatal DKI are Associated
Scatterplots of the correlation between forebrain volume and striatal DKI measures for
each group. Black dots indicate the CPF group; white indicates the PO (vehicle) group.
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Figure 5.7: Forebrain volume & corpus callosal DKI are Associated
Scatterplots of the correlation between forebrain volume and corpus callosum DKI
measures for each group. Black dots indicate the CPF group; white indicates the PO
(vehicle) group.
V-C5. Relationship between MWM Performance and DKI
Correlations were made to ascertain any relation between the findings of
impairments in learning and memory and the disruption of the integrity of white matter.
The mean escape latency was positively correlated with striatal MD (r = .535, p = .015)
and RD (r = .497, p = .026, as shown in the scatterplots in Figure 5.7. In the amygdalae,
MWM escape latency was positively correlated with MD (r = .494, p = .027) and RD (r =
.560, p = .010) and negatively correlated with FA (r = -.520, p = .019), MK (r = -.473, p
= .035), and AK (r = -.552, p = .012), as shown in the scatterplots in Figure 5.8. In the
corpus callosum, negative correlations were observed between MWM latency and
callosal FA (-.462, r = .041) MK (r = -.460, p = .041), and AK (r = -.472, p = .036), as
shown in the scatterplots in Figure 5.9. All other ROIs used in the DKI measures were
not significantly correlated with MWM escape latency. These results demonstrate that
spatial learning performance in the Morris water maze is related to the structural integrity
of the corpus callosum, striatum, and amygdalae.
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Figure 5.8: DKI of the Striatum is Associated with MWM Latency
Scatterplots of the correlation between MWM escape latency and striatal DKI measures
for each group. Black dots indicate the CPF group, white indicates the PO (vehicle)
group.

Figure 5.9: DKI of the Amygdalae is Associated with MWM Latency
Scatterplots of the correlation between MWM escape latency and amygdalar DKI
measures for each group. Black dots indicate the CPF group, white indicates the PO
(vehicle) group.
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Figure 5.10: DKI of the Corpus Callosum is Associated with MWM Latency
Scatterplots of the correlation between MWM escape latency and corpus callosum DKI
measures for each group. Black dots indicate the CPF group; white indicates the PO
(vehicle) group.
FOREBRAIN VOLUME by DKI:
ROI (n = 20)
- Striatum

- Corpus Callosum

MWM ESCAPE LATENCY by DKI:
ROI (n = 20)
- Striatum
- Amygdalae

- Corpus Callosum

measure
MK
AK
RK
MD
RD
FA
MK
AK

r
0.551
0.463
0.580
-0.496
-0.507
0.462
0.451
0.475

p
0.012
0.040
0.007
0.026
0.022
0.041
0.046
0.034

measure
MD
RD
MD
FA
RD
MK
AK
FA
MK
AK

r
0.535
0.497
0.494
-0.520
0.560
-0.460
-0.472
-0.462
-0.460
-0.472

p
0.015
0.026
0.027
0.019
0.010
0.041
0.036
0.041
0.041
0.036

Table 5.7: Summary of Significant Correlations between Volume and Behavior
Summary of significant Pearson correlations of DKI measures with forebrain volume and
MWM escape latency. Data is presented as r value and two-tailed p-value.
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V-C6. T2* Relaxation Unaffected by Prenatal CPF
Examination of the T2* ROIs did not reveal any effects attributable to CPF. This
can be interpreted to mean that no effects of oxidative stress or dysregulations of tissue
iron content are evident as young adults after prenatal exposure to CPF.

T2* Relaxation (ms)
Amygdalae
Cerebral Cortex
Hippocampus
Striatum
Thalamus

N
10
10
10
10
10

PO
Mean ±
19.7 ±
24.1 ±
27.4 ±
34.4 ±
27.8 ±

SD
3.8
3.6
1.6
3.8
1.9

N
10
10
10
10
10

CPF
Mean ±
17.9 ±
23.3 ±
26.8 ±
34.7 ±
27.6 ±

SD
3.1
3.1
2.2
3.3
1.7

p Effect
0.279
0.596
0.492
0.860
0.821

Table 5.8: T2* Relaxometry Results
Summary of non-significant group differences via T2* relaxometry.
V-C7. Hippocampal & Striatal 1H-MRS Unaffected by Prenatal CPF
The Hippocampal and Striatal voxels selected for this experiment did not display
any signs of altered biochemistry via 1H-MRS acquisitions. This suggests that at this
stage after exposure, biochemistry in at least these two brain regions appears to be
unaffected by prenatal exposure to CPF (Table 5.9).
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Hippocampus (/tCr)
GABA
Gln
Glu
Myo-inositol
NAA
NAAG
tCho
NAA+NAAG
Glu+Gln
Striatum (/tCr)
GABA
Gln
Glu
Myo-inositol
NAA
NAAG
tCho
NAA+NAAG
Glu+Gln

N
9
9
9
9
9
9
9
9
9

PO
Mean ±
0.29 ±
0.59 ±
0.74 ±
1.38 ±
0.53 ±
0.20 ±
0.22 ±
0.74 ±
1.33 ±

SD
0.07
0.19
0.14
0.18
0.09
0.05
0.02
0.08
0.29

CPF
N Mean ± SD
10
0.31 ± 0.07
10
0.57 ± 0.13
10
0.81 ± 0.13
10
1.49 ± 0.25
10
0.51 ± 0.15
10
0.21 ± 0.08
10
0.23 ± 0.02
10
0.72 ± 0.10
10
1.39 ± 0.17

p Effect
0.490
0.849
0.241
0.303
0.764
0.856
0.154
0.778
0.578

9
9
9
9
9
9
9
9
9

0.47
0.61
0.67
1.46
0.58
0.18
0.31
0.76
1.28

0.14
0.12
0.24
0.16
0.10
0.04
0.04
0.08
0.31

10
10
10
10
10
10
10
10
10

0.957
0.890
0.663
0.315
0.842
0.635
0.362
0.998
0.703

±
±
±
±
±
±
±
±
±

0.48
0.62
0.71
1.54
0.57
0.19
0.32
0.76
1.33

±
±
±
±
±
±
±
±
±

0.10
0.10
0.15
0.18
0.09
0.04
0.02
0.09
0.22

Table 5.9: 1H-MRS Results
Summary of non-significant group differences via in vivo 1H-MR spectroscopy.
V-D. Discussion
The present study demonstrates that exposure of guinea pigs to a sub-acute dose
of the OP pesticide CPF during a critical period of prenatal development causes
significant spatial learning deficits later in life. These striking deficits are accompanied
by a significant reduction of forebrain volume and disruption of the structural integrity of
the corpus callosum, amygdalae, and striatum – brain regions known to have a critical
role in cognitive processing. These results reveal the crippling effect of CPF on
neurodevelopment and highlight the dangers associated with maternal CPF exposure.
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V-D1. Prenatal CPF reduced fronto-striatal brain volume
Analyses of T2-weighted images provide detailed volumetric measurements of
whole brain and specific ROIs without the need for destructive histology. In humans,
gross brain volumetric changes measurable by MR anatomical acquisitions have been
observed as a result of prenatal exposure to sub-acute doses of CPF (V. A. Rauh et al.,
2012). Earlier histological studies on prenatal exposure of guinea pigs to the related OP
compound trichlorfon revealed a severe reduction in brain weight and hypoplasia of the
cerebellar cortex in the affected animals (Mehl et al., 1994, 2007). The prenatal period of
exposure examined in the present study is a peak time for brain growth in guinea pigs,
particularly in the frontal and striatal areas (Dobbing & Sands, 1970; Kalaria & Prince,
1988). Accordingly, the volumetric reductions in the CPF group consisted of an
attenuation of the anterior portion of the forebrain, leaving the posterior areas relatively
intact. This is hypothetically due to the sensitive developmental stage the fetal brain was
engaged in at the time of exposure. In terms of neurodevelopmental timing, Guinea pigs
and humans are both precocial species and thus comparable in the timing of
neurodevelopment, with the “brain growth spurt” occurring prenatally (Altman & Das,
1967; Mehl et al., 2007). It is during this rapid period of prenatal growth that the
developing brain tissue is most vulnerable to disruption through interaction with an
external agent (P. Eriksson, 1997). Much like humans, a guinea pig also has an
effectively mature striatum at birth, while the striatum of a mouse or rat is only
approximately 50% mature at that time (Kalaria & Prince, 1988). This links the timing of
the CPF exposure to that of striatal development, and further emphasizes the importance
of using guinea pigs in translational studies of early neurodevelopment. In vivo studies
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have demonstrated that early postnatal exposure of rats to CPF induces a dose-dependent
reduction in the expression of nerve growth factor in the forebrain (Betancourt et al.,
2006), an effect that can contribute to increased oxidative stress and cell death. It is
apparent from these results that prenatal exposure to CPF has stifled the development of
the striatum during an extremely sensitive period of its growth.
V-D2. Prenatal CPF disrupts white matter and brain microstructure
Prenatal exposure of guinea pigs to CPF resulted in significant reduction in FA
and in kurtosis measures (MK, AK, and RK) within the corpus callosum. In the
amygdalae of CPF-exposed animals, kurtosis measures remained unchanged. However,
FA was lower and both MD and RD were higher in the amygdalae of CPF-exposed
guinea pigs than in control animals. Finally, the prenatal exposure to CPF caused a
reduction in FA and RK with a concomitant increase in MD and RD in the striatum. The
concomitant reductions in FA and kurtosis measures in both the corpus callosum and the
striatum of CPF-exposed guinea pigs are suggestive of a decrease in the degree of water
diffusion restriction that can be accounted for by a number of factors including reduced
packing of axons, increased membrane permeability, disruption of internal axonal
structure, increased tissue water content, and decreased myelination (Papadakis et al.,
1999). In this respect, it is noteworthy that a previous study demonstrated that the
expression of myelin-associated glycoprotein, a transmembrane glycoprotein that is
essential for the maintenance of the mature myelinated unit (Quarles, Everly, & Brady,
1973), was decreased in the brain of neonatal rats following their exposure between
postnatal days 1 and 6 to different doses of CPF (Betancourt et al., 2006). In vitro studies
have also provided evidence that CPF-oxon, one of the major metabolites of CPF, can
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bind directly to and decrease the polymerization of tubulin, the protein that makes the
microtubules involved in maintaining the structural and functional integrity of axons
(Grigoryan & Lockridge, 2009; Terry, 2012). The increase in MD, a measure of the
average distance that a water molecule travels within a period of time, in the amygdalae
and striatum of CPF-exposed guinea pigs is also consistent with increased extracellular
space. This increase in extracellular space is potentially due to cellular membrane
disruption, cell death, and/or vasogenic edema (Testylier et al., 2007).
V-D3. Prenatal CPF impaired behavioral spatial learning performance
The performance of the guinea pigs in the Morris water maze correlated well with
DKI measures obtained from the amygdalae, striatum, and corpus callosum. While mean
escape latency was inversely correlated to FA, MK, and AK in the amygdalae, corpus
callosum, and striatum, it was directly correlated to MD and RD in the amygdalae and
striatum. Although a cause-consequence relationship cannot be traced between the
structural damage and the behavioral impairment presented by animals exposed
prenatally to CPF, the present results suggested that impairment of the spatial learning
performance in the Morris water maze, manifested as a prolongation of the escape
latency, increases as the disruption of the structural integrity of the striatum, amygdalae,
and corpus callosum becomes more pronounced. The integrity of the striatum is vital for
performance of the MWM and is heavily involved in spatial and procedural learning
(McDonald & White, 1994; M G Packard & McGaugh, 1992; Mark G Packard &
Knowlton, 2002). Given the well-known role of the striatum in movement disorders such
as Parkinson's and Huntington's disease, as well as in motivation and reward (Worbe et
al., 2009), this is a finding that translates clearly in regard to human neurodevelopment
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and welfare. The contribution of the amygdalae to these results is that it modulates the
spatial and procedural learning normally associated with the striatum and hippocampus
(M G Packard, Cahill, & McGaugh, 1994). The corpus callosum connects these affected
regions between the hemispheres, and impaired transmission by these fibers may account
for some of the behavioral deficits observed here.
These findings are consistent with studies demonstrating that laboratory animals
and humans with lesions in the striatum, amygdalae, and corpus callosum present
cognitive deficits (Block, Kunkel, & Schwarz, 1993; Chida et al., 2011; Galliot,
Levaillant, Beard, Millot, & Pourié, 2010; Sauerwein & Lassonde, 1994). A recent MRI
study demonstrated that children exposed prenatally to CPF presented overt changes in
the brain cortical structure, including reduced cortical thickness, which correlated with
their cognitive deficits (V. A. Rauh et al., 2012). An earlier case report also provided
evidence that children presented brain defects in the corpus callosum following prenatal
exposure to CPF (Sherman, 1996).
Therefore, it appears that the prenatal toxicity of CPF in humans can be faithfully
reproduced in guinea pigs. Prenatal and/or early neonatal exposure of rats and mice to
CPF affects their brain development and causes neurocognitive deficits later in life that
also resemble those seen in humans exposed to the pesticide in utero (E D Levin et al.,
2001; Turgeman et al., 2011). However, striking differences exist between the CNS
development of mice or rats and that of humans, making it difficult to extrapolate
sensitive gestational periods from rats and mice to humans. In short-gestation species
such as the rat and mouse, the majority of CNS growth spurt occurs postnatally, generally
within the first three weeks after birth. In long-gestation species, including guinea pigs,
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non-human primates, and humans, this growth spurt starts mid-gestation in the uterus,
peaks during the last third part of pregnancy, and ends shortly after birth (Byrnes et al.,
2001; Dobbing & Sands, 1970, 1973). Thus, the guinea pig emerges as a more
appropriate rodent model system than rats and mice to assess the detrimental effects of
developmental exposure to OP pesticides and the effectiveness of various treatments in
countering the toxicity of these pesticides.
V-D4. Conclusions
The current study demonstrated that the structural integrity of the adult guinea pig
brain is disrupted following the prenatal exposure to sub-acute doses of the OP pesticide
CPF. Volumetric analysis of T2-weighted images revealed that most of the damage
imparted by the prenatal exposure to CPF was confined to the anterior forebrain, and DKI
analyses provided evidence that the primary forebrain structures affected by this exposure
were the striatum, the amygdalae, and the corpus callosum, all of which are known to be
involved in cognitive processing. Subsequently, correlational analyses between DKI
measures and the mean time the animals took to find the hidden platform in the Morris
water maze demonstrated that the structural integrity of these brain regions is associated
with adequate spatial learning performance of the guinea pigs. To our knowledge this is
the first study to use complementary non-invasive MRI and behavioral methods to assess
the prenatal toxicity of CPF. Since this prenatal exposure to CPF induces behavioral
deficits and disruption of guinea pig brain structure that resemble those seen in humans,
the present findings introduce the guinea pig as a translationally relevant model of the
neurodevelopmental toxicity of this pesticide. This is of major significance for future
evaluations of the effectiveness of therapeutic approaches.
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VI. PREPUBERTAL EXPOSURE TO CPF AND EFFECTS INTO ADULTHOOD
VI-A. Introduction
As described earlier in the introductory chapter, the timing of exposure to CPF
within a critical period of neurodevelopment may determine the severity of its effect (P.
Eriksson, 1997; Rice & Barone, 2000). The prepubertal period is particularly sensitive to
disruption as during this stage the hippocampus is in the process of undergoing rapid
development of its recurrent mossy fiber collaterals (Wolfer & Lipp, 1995), the proper
outgrowth of which may be stunted by an ill-timed exposure to the pesticide (A. S.
Howard et al., 2005). Unfortunately, much of the evidence supporting axonal and glial
effects of prepubertal exposure to CPF is based only on in-vitro cell culture studies, and
very little is known regarding such changes in an in-vivo model. Significant hippocampal
reorganization is also known to occur in humans in the prepubertal period (Neufang et al.,
2009). Children at the prepubertal age in agricultural communities are also very likely to
encounter and become exposed to harmful levels of this compound (Lambert et al.,
2005). This confluence of basic scientific interest and public health need calls for the
exploration of neurobiological changes in vivo following prepubertal exposure to
pesticides. In this chapter, we use in-vivo MR imaging techniques in conjunction with
animal behavioral assessment to examine the effects of CPF on neurodevelopment during
this especially vulnerable prepubertal stage of life.
VI-A1. Objectives
The intent of the experiment described in this chapter is to advance the timeframe
of our investigation into the neurodevelopmental effects of CPF from the prior prenatal
brain growth spurt period into the prepubertal critical period. Examining the hypothesis
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that CPF exposure results in neurological deficits by interference with the sensitive
prepubertal period of neurodevelopment, we specifically asked two questions. First, does
the exposure to CPF at prepubertal age result in CNS changes? Second, we asked
whether such neurological changes persist into adulthood.
VI-B. Specific Methods
VI-B1. Animal Subjects
A total of 20 female Hartley Guinea Pigs ([Crl(HA)Br]) 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. Animals
were injected at PND 35, which is the onset of the prepubescent period in females. The
timing of this injection was intended to precede the hippocampal mossy fiber
development peaks that are known to occur at approximately 40 PND in guinea pigs
(Amaral & Dent, 1981). The treatment group was injected subcutaneously between the
shoulder blades with CPF dissolved in peanut oil (300 mg/kg, 0.6 x LD50), and the
vehicle group was injected with only peanut oil (0.5 ml/kg, s.c.). CPF and peanut oil were
both purchased from Sigma Aldrich (St. Louis, MO).
Each animal was thus injected with the CPF or PO prepubertally at 35 days PND,
examined with an MRI acquisition at approximately 70 PND with a second acquisition
following at approximately 180 PND. After this second (final) MRI acquisition,
behavioral assessments were started at 194 PND and lasted approximately one week for
the open field and two weeks for the MWM. In the text, the data from the animals at the
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first MRI acquisition is referred to as the 70 PND group, while the same animals at the
second acquisition are referred to as the 180 PND group. To summarize, there were two
between-subject treatment groups (PO vs. CPF) and two within-subject age groups (70
PND vs. 180 PND). See table 6.1 for a timeline of group assignment and animal ages at
the time of each MRI acquisition and the onset of behavioral tasks.

Figure 6.1: Timeline of Chapter 6 Experiment
Study design for the experiments in this chapter over the course of the animal’s
development. Numbers within arrow bar are approximate PND, with 0 representing day
of birth.
Group
PO (Vehicle)
CPF (Treated)

Sex
Female

N
10
10

MRI 1 PND
70-72
69-73

MRI 2 PND
180-185
181-184

OF PND
194-209
194-209

MWM PND
201-216
201-216

Table 6.1: Animal Subject Characteristics
The summary table for animal subjects describes the groups, sex, number, and age range
in PND at the time of the onset of MRI acquisitions and behavioral assessments.
VI-B2. MR Parameters
All experiments were carried out as described in the general methods section in
regards to MR equipment and materials, as well as general animal handling including
placement of the animal in the MR and anesthesia methods. MR Methods used in this
chapter and described in more detail below include T2-weighted anatomical imaging, T2*
relaxometry, DKI, and 1H-MRS. These methods were chosen to assess the effects of CPF
exposure on volume and morphometry, oxidative stress, microstructural integrity, and
biochemistry, respectively.
For the purpose of obtaining anatomical references and structural images for
volumetric analyses, fast spin echo based T2-weighted MR images were acquired in the
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coronal plane with repetition time/effective echo time (TR/TEeff) = 6900/60 ms, RARE
factor = 8, field of view (FOV) = 35×35 mm2, matrix size = 256×256. A total of 20 slices
at 1 mm slice thickness and two averages were obtained for a total acquisition time for
the T2 image of 7 min 21 s.
To obtain T2* relaxation maps to measure iron content and oxidative stress, a
twelve echo gradient echo sequence with the first echo occurring at 4.5 ms, with echo
spacing of 5.5 ms (4.5 – 65.0 ms) was used. Images were acquired in the coronal plane at
a TR of 1.5 sec, FOV = 42×42 mm2, matrix size = 134×134, slice thickness = 2 mm,
number of slices = 10, and number of averages = 4. Total acquisition time for the T2*
relaxation maps was 10 min.
DKI images for the diffusion analysis of brain microstructure were acquired at the
same slice locations as the T2-weighted images using a single shot spin echo EPI
sequence with TR/TEeff = 8500/45 ms, FOV = 35×35 mm2, matrix size 96×96, 30
gradient directions, and 5 images at 0 s/mm2 followed by two b-values at 1000 s/mm2 and
2000 s/mm2. A total of 20 slices at 1 mm slice thickness and two averages were obtained
for a total DKI image acquisition time of 18 min 25 s.
1

H-MRS data were acquired immediately following the MRI acquisitions (T2,

T2*, DKI). Outer volume suppression combined with point-resolved spectroscopy
(PRESS) sequence was used for signal acquisition, with TR/TE = 2500/20 ms, spectral
bandwidth = 5 kHz, number of data points = 2048, number of averages = 550 for the
hippocampus and 600 for the striatum. Total acquisition time was 23 min 5 s for the
hippocampal voxel and 25 min 10 s for the striatum voxel. Localized 1H-MRS was
acquired from two locations, the right hippocampus (3×7×3 mm3) and the right striatum
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(4×4×4.5 mm3). The hippocampus and striatum are two areas of the brain that undergo a
great deal of metabolite change during neurodevelopment and are thus logical targets for
the disruptive effect of CPF (Tkác et al., 2003).
VI-B3. Behavioral Tasks
The Morris water maze (MWM) and open field tests were used as behavioral
measures in this chapter. As described in the introduction (chapter I-F), the open field
was employed to assess possible changes due to CPF in anxiety and locomotor activity,
while the MWM was used to examine spatial learning and memory. These tasks were
carried out as described in the general methods, with specific details for the MWM
described below. Behavioral assessments took place approximately two weeks after the
second (final) MRI acquisition.
VI-B1.1. Morris Water Maze
Morris water maze procedures were performed in accordance with those
described in the General Methods chapter, with the exception of increasing the duration
of the test to 120 s. This modification increases the amount of time available for the
animal to find and escape onto the submerged platform, deemed to be necessary as many
guinea pigs in prior studies could not escape onto the platform within the allotted 90 s in
the earlier prenatal chapter during the first day of training (see Figure 5.2 in the prior
chapter). As described in general methods, the MWM probe test was performed 72 hours
after the last MWM training session to provide a single measure of overall memory
retention of the platform location learned earlier in the task.
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VI-B4. Statistical Analysis
Where necessary, pertinent group differences were analyzed using the
multivariate General Linear Model (GLM) function in SPSS (SPSS Statistics for
Windows, Version 21. Armonk, NY: IBM Corp.). For longitudinal within group analyses
the GLM repeated measures function was used, with the repeated MRI acquisition (MRI
1 & MRI 2) as the within-subject factor and the treatment (CPF or PO) as the betweensubjects factor. The GLM least squares corrected model was used to account for
correlated measures within each imaging modality or behavioral task.
For the behavioral data, the GLM multivariate function was used, with treatment
(PO vs. CPF) as the between-subjects factor and the testing measure as the dependent
variable. When a behavioral test was administered over several days, such as in the
MWM and open field tasks, the GLM repeated measures function was used for the
repeated dependent testing variable and treatment (PO vs. CPF) as the between-subjects
factor.
VI-C. Results
VI-C1. Body Weight and Forebrain Volume Unaffected
Body weight increased as expected with age: between the 70 PND and 180 PND
groups, MRI sessions guinea pig body weight increased by approximately 53% in the
PO-vehicle group and 59% in the CPF-injected group [F(1,18) = 528.51, p < .001]. There
were no significant group differences or interactions that would indicate an effect of CPF
on body weight over time (Table 6.2).
Over the course of time between the MR acquisitions there were general volume
increases in the forebrain [F(1,18) = 45.76, p < .001] and parenchyma [F(1,18) = 45.60, p
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< .001]. There were however no significant treatment group differences or interactions
that would indicate effects of CPF on brain volume (Table 6.2).

Body Weight (g)

PND N
70 10
180 10

PO
Mean ± SD
518.6 ± 40.5
770.4 ± 75.8

N
10
10

CPF
Mean ± SD
525.9 ± 42.0
801.0 ± 55.6

p

Effect

0.400

Volume (mm 3 )
Forebrain
Parenchyma
CSF

70
180
70
180
70
180

10
10
10
10
10
10

2915.0
3089.6
2818.9
2984.2
96.1
105.4

±
±
±
±
±
±

97.1
184.9
84.9
164.1
19.5
34.3

10
10
10
10
10
10

2956.8
3100.0
2865.4
2998.5
91.3
101.5

±
±
±
±
±
±

146.3
172.7
140.3
168.6
13.6
12.6

0.692
0.475
0.614

Table 6.2: Body weight and Forebrain Volumetrics
Body weight in grams and volumetric measures for various brain tissue types in mm3.
Results shown are mean ± SD.
VI-C2. DKI Measures Show Broad White Matter Disruption
Striatum
The striatal ROI showed several interesting changes including increased kurtosis
and complex decreases in diffusivity over time (Figure 6.1 & Table 6.3). The main
finding was that the MK parameter showed a significant overall increase in the CPF
treated animals [F(1,18) = 4.44, p = .049]. There were also significant interaction effects
in the MD [F(1,18) = 15.52, p = .001], AD [F(1,18) = 9.71, p = .006], and RD [F(1,18) =
9.19, p = .007] parameters. These interactions involved an overall decrease of striatal
diffusivity (MD, AD & RD) over time in the CPF treated animals. This pattern of
increased kurtosis and restricted diffusion is consistent with the barriers to diffusion
associated with astrogliosis (Zhuo et al., 2011) and cytotoxic edema. There were no other
significant main or interaction effects in this ROI.
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Figure 6.2: Significant DKI Results in the Striatum
Line graphs of the effects of CPF on diffusion changes as determined by DKI parameters
in the striatal ROI. All featured graphs are significant for the effect of treatment or
interaction with treatment x MRI trial, as described in text above and summarized in table
6.3 below.
Corpus Callosum
The corpus callosum ROI showed no main effect of treatment (PO vs. CPF) over
the duration of the study (Figure 6.2 & Table 6.3) There were however significant
interaction effects within the MK [F(1,18) = 5.71, p =.028] and RK [F(1,18) = 6.84, p =
.018] measures, with the CPF group showing a less pronounced increase in kurtosis over
time than the vehicle group. There were also significant interaction effects for MD
[F(1,18) = 8.24, p = .015] and RD [F(1,18) = 5.87, p = .026], with the CPF treated
animals showed a gradual decrease in diffusivity over time compared to the PO vehicle
animals. In white matter regions like the corpus callosum, this pattern of restricted
diffusion and kurtosis perpendicular (radial) to the axonal tract may be consistent with
axonal swelling from cytotoxic edema. There were no other significant main or
interaction effects in this ROI.
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Figure 6.3: Significant DKI Results in the Corpus Callosum
Line graphs of the effects of CPF on diffusion changes as determined by DKI parameters
in the callosal ROI.
Thalamus
Diffusivity in the thalamus ROI showed no main effect of treatment (PO vs. CPF)
over the duration of the study (Figure 6.3 & Table 6.3). There was a significant
interaction effect for MD [F(1,18) = 6.15, p = .023]. This interaction consisted of a sharp
decrease in thalamic MD over time in the CPF treated animals, suggestive of the typical
pattern for cytotoxic edema. There were no other significant main or interaction effects in
this ROI.

Figure 6.4: Significant DKI Results in the Thalamus
Line graphs of the effects of CPF on diffusion changes as determined by DKI parameters
in the thalamic ROI.
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Amygdalae
Kurtosis within the amygdalae showed a change in the pattern of development
over time (Figure 6.4 & Table 6.3). Specifically, there was a significant interaction effect
in regards to RK, with the CPF group remaining level in this parameter while the PO
group increased [F(1,18) = 5.16, p = .036]. As in the striatum, this increase is consistent
with mild astrogliosis but appears to have normalized in the amygdalae at the later 180
PND time point. There were no other significant main or interaction effects in this ROI.

Figure 6.5: Significant DKI Results in the Amygdalae
Line graphs of the effects of CPF on diffusion changes as determined by DKI parameters
in the amygdalar ROI. All featured graphs are significant for the effect of treatment or
interaction with treatment x MRI trial, as described in text above and summarized in table
6.3 below.
There were no treatment differences detected via DKI measures within the
cerebral cortex or hippocampal ROIs (Tables 6.3-6.5). The FA parameter did not detect
any significant treatment differences over any of the ROIs.
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FA ROI:
Hippocampus
Cerebral Cortex
Thalamus
Striatum
Amygdalae
Corpus Callosum

PND
70
180
70
180
70
180
70
180
70
180
70
180

N
10
10
10
10
10
10
10
10
10
10
10
10

PO
Mean ±
0.14 ±
0.13 ±
0.18 ±
0.15 ±
0.22 ±
0.23 ±
0.21 ±
0.21 ±
0.21 ±
0.22 ±
0.40 ±
0.41 ±

SD
0.01
0.01
0.01
0.02
0.02
0.01
0.01
0.02
0.01
0.02
0.02
0.02

N
10
10
10
10
10
10
10
10
10
10
10
10

CPF
Mean ±
0.14 ±
0.13 ±
0.19 ±
0.15 ±
0.22 ±
0.23 ±
0.20 ±
0.21 ±
0.21 ±
0.22 ±
0.40 ±
0.41 ±

SD
0.01
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.02

p

Effect

0.810
0.528
0.985
0.955
0.829
0.782

Table 6.3: DKI Anisotropy Results
Group differences in the DKI anisotropy measure (FA) are summarized in this table. Data
is presented as mean ± standard deviation. FA is a dimensionless ratio.
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MD ROI
Hippocampus
Cerebral Cortex
Thalamus
Striatum
Amygdalae
Corpus Callosum

PND
70
180
70
180
70
180
70
180
70
180
70
180

N
10
10
10
10
10
10
10
10
10
10
10
10

PO
Mean ±
0.91 ±
0.89 ±
0.86 ±
0.86 ±
0.90 ±
0.90 ±
0.85 ±
0.85 ±
0.93 ±
0.92 ±
0.99 ±
0.99 ±

70
180
70
180
70
180
70
180
70
180
70
180

10
10
10
10
10
10
10
10
10
10
10
10

1.04
1.01
1.02
1.00
1.10
1.11
1.04
1.05
1.13
1.13
1.42
1.43

±
±
±
±
±
±
±
±
±
±
±
±

0.02
0.02
0.03
0.03
0.03
0.02
0.02
0.02
0.04
0.03
0.05
0.04

10
10
10
10
10
10
10
10
10
10
10
10

1.04
1.01
1.02
0.99
1.10
1.09
1.06
1.04
1.15
1.12
1.45
1.42

±
±
±
±
±
±
±
±
±
±
±
±

0.02
0.02
0.01
0.02
0.02
0.03
0.02
0.02
0.03
0.02
0.04
0.03

70
180
70
180
70
180
70
180
70
180
70
180

10
10
10
10
10
10
10
10
10
10
10
10

0.85
0.83
0.78
0.79
0.79
0.79
0.75
0.76
0.82
0.81
0.77
0.77

±
±
±
±
±
±
±
±
±
±
±
±

0.02
0.01
0.02
0.01
0.03
0.02
0.02
0.02
0.02
0.02
0.03
0.03

10
10
10
10
10
10
10
10
10
10
10
10

0.85
0.83
0.77
0.78
0.80
0.77
0.77
0.75
0.84
0.80
0.79
0.76

±
±
±
±
±
±
±
±
±
±
±
±

0.02
0.02
0.02
0.03
0.01
0.03
0.01
0.02
0.03
0.02
0.02
0.03

SD
0.02
0.01
0.02
0.01
0.03
0.02
0.02
0.02
0.03
0.02
0.03
0.02

N
10
10
10
10
10
10
10
10
10
10
10
10

CPF
Mean ±
0.91 ±
0.89 ±
0.85 ±
0.85 ±
0.90 ±
0.88 ±
0.87 ±
0.85 ±
0.94 ±
0.91 ±
1.01 ±
0.98 ±

SD
0.02
0.02
0.01
0.02
0.01
0.03
0.02
0.02
0.03
0.02
0.02
0.02

p

Effect

0.628
0.172
.023(x)
.001(x)
0.647
.010(x)

AD ROI:
Hippocampus
Cerebral Cortex
Thalamus
Striatum
Amygdalae
Corpus Callosum

0.726
0.599
0.354
.006(x)
0.835
0.525

RD ROI:
Hippocampus
Cerebral Cortex
Thalamus
Striatum
Amygdalae
Corpus Callosum

0.810
0.271
0.469
.007(x)
0.726
.026(x)

Table 6.4: DKI Diffusivity Results
Group differences in DKI diffusivity measures are summarized in this table. Data is
presented as mean ± standard deviation. MD, AD, and RD are expressed in units of 10ˉ³
mm²/s. An (x) by the p value indicates an interaction effect.
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MK ROI:
Hippocampus
Cerebral Cortex
Thalamus
Striatum
Amygdalae
Corpus Callosum

PND
70
180
70
180
70
180
70
180
70
180
70
180

N
10
10
10
10
10
10
10
10
10
10
10
10

PO
Mean ±
0.56 ±
0.59 ±
0.53 ±
0.56 ±
0.78 ±
0.82 ±
0.64 ±
0.69 ±
0.56 ±
0.60 ±
0.71 ±
0.77 ±

70
180
70
180
70
180
70
180
70
180
70
180

10
10
10
10
10
10
10
10
10
10
10
10

0.55
0.59
0.55
0.60
0.74
0.78
0.62
0.64
0.57
0.60
0.64
0.67

±
±
±
±
±
±
±
±
±
±
±
±

0.01
0.03
0.01
0.02
0.03
0.06
0.02
0.01
0.03
0.04
0.02
0.02

10
10
10
10
10
10
10
10
10
10
10
10

0.58
0.58
0.57
0.60
0.74
0.80
0.64
0.65
0.59
0.61
0.65
0.67

±
±
±
±
±
±
±
±
±
±
±
±

0.02
0.02
0.02
0.02
0.03
0.05
0.03
0.03
0.06
0.05
0.02
0.01

70
180
70
180
70
180
70
180
70
180
70
180

10
10
10
10
10
10
10
10
10
10
10
10

0.57
0.60
0.59
0.62
0.81
0.84
0.72
0.77
0.55
0.59
0.92
1.01

±
±
±
±
±
±
±
±
±
±
±
±

0.02
0.02
0.02
0.02
0.03
0.05
0.03
0.04
0.03
0.03
0.05
0.04

10
10
10
10
10
10
10
10
10
10
10
10

0.58
0.58
0.60
0.61
0.81
0.83
0.74
0.78
0.58
0.57
0.93
0.98

±
±
±
±
±
±
±
±
±
±
±
±

0.03
0.02
0.03
0.02
0.03
0.04
0.03
0.02
0.04
0.02
0.03
0.03

SD
0.01
0.02
0.01
0.02
0.03
0.05
0.02
0.02
0.03
0.04
0.03
0.03

N
10
10
10
10
10
10
10
10
10
10
10
10

CPF
Mean ±
0.57 ±
0.58 ±
0.54 ±
0.56 ±
0.78 ±
0.83 ±
0.66 ±
0.69 ±
0.58 ±
0.59 ±
0.72 ±
0.75 ±

SD
0.03
0.01
0.02
0.01
0.03
0.03
0.02
0.02
0.04
0.03
0.02
0.02

p

Effect

.038(x)
0.769
0.614
0.049
0.475
.028(x)

AK ROI:
Hippocampus
Cerebral Cortex
Thalamus
Striatum
Amygdalae
Corpus Callosum

.013(x)
0.256
0.308
0.177
0.368
0.609

RK ROI:
Hippocampus
Cerebral Cortex
Thalamus
Striatum
Amygdalae
Corpus Callosum

0.775
0.683
0.934
0.153
.036(x)
.018(x)

Table 6.5: DKI Kurtosis Results
Group differences in kurtosis measures are summarized in this table. Data is presented as
mean ± standard deviation. MK, AK, & RK are dimensionless ratios. An (x) by the p
value indicates an interaction effect.
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VI-C3. T2* Relaxation Reveals Cortical Stress
The cerebral cortex of the CPF group displayed significantly lower T2* values
than the PO group [F(1,18) = 14.18, p = .001]. This CPF-related decrease in cortical T2*
is indicative of elevated tissue iron concentration, which in turn indicates oxidative stress
and neurodegeneration (Berg & Youdim, 2006). There were no other significant changes
found in the other ROIs queried for the T2* relaxation analysis (Figure 6.6 & Table 6.6).

Figure 6.6: T2* Findings show CPF Dysregulates Tissue Iron in the Cortex
Left: Line graph of the effects of CPF on T2* relaxometry changes in the guinea pig
cerebral cortex. T2* relaxation time is significantly depressed in the cerebral cortex,
suggestive of oxidative stress from toxic exposure. Right: Montage image shows an
averaged coronal slice from the CPF and PO animals with a cool-hot LUT applied for
contrast. Blue colors indicate a low T2* relaxation / high iron content and red to yellow
indicates a higher T2* relaxation / lower iron content. CSF shows as bright yellow.
PO
CPF
T2* Relaxation (ms) PND N Mean ± SD
N Mean ± SD
p
Effect
70 10
24.2 ± 2.2
10
21.5 ± 2.9
Cerebral Cortex
0.002
180 10
27.0 ± 2.0
10
24.4 ± 2.8
70 10
29.6 ± 3.5
10
29.3 ± 1.2
Hippocampus
0.879
180 10
27.5 ± 4.1
10
28.3 ± 6.3
70 10
24.9 ± 4.9
10
23.2 ± 3.8
Thalamus
0.864
180 10
24.6 ± 4.8
10
26.7 ± 5.8
70 10
30.2 ± 3.9
10
31.0 ± 4.7
Striatum
0.661
180 10
31.1 ± 3.8
10
31.6 ± 5.4
70 10
15.9 ± 1.0
10
16.6 ± 1.6
Amygdalae
0.639
180 10
17.6 ± 1.6
10
17.5 ± 1.7
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Table 6.6: T2* Relaxometry Results
Summary of group differences via T2* relaxometry.
VI-C4. 1H Spectroscopy Indicates a Hippocampal Glutamine Response
Hippocampus
Significant increases in the level of glutamine were present within the
hippocampal voxel selected for 1H spectroscopy (Figure 6.6 & Table 6.3). Specifically, in
the CPF group there was a higher ratio of Gln/tCr [F(1, 13) = 5.44, p = .036]. See figure
6.4A for box plots of this significant treatment group difference. The striking glutamine
difference in the CPF group is of the type associated with neurotoxic insult and brain
injury as a neuroprotective response (Chen & Herrup, 2012; B. D. Ross, 1991).

Figure 6.7: Hippocampal 1H-MR Spectroscopy
Sample spectra (left) and SE error bar plots of significant hippocampal MR spectroscopy
findings. Glutamine (Gln/tCr) levels are persistently elevated in the CPF group.
Striatum
CPF administration at the prepubertal time period did not appear to significantly
affect any of the metabolite ratios in the striatum (Table 6.7). This indicates that CPF
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administered at the prepubertal stage does not have a global effect on the brain and thus
may damage certain areas, such as the hippocampus, more than others.
Hippocampus (/tCr)
GABA
Glutamine
Glutamate
Myo-inositol
NAA
NAAG
total Choline
NAA+NAAG
Glu+Gln
Striatum (/tCr)
GABA
Glutamine
Glutamate
Myo-inositol
NAA
NAAG
total Choline
NAA+NAAG
Glu+Gln

PND
70
180
70
180
70
180
70
180
70
180
70
180
70
180
70
180
70
180

N
6
6
10
9
10
10
10
10
10
10
6
7
10
10
10
10
10
10

PND
70
180
70
180
70
180
70
180
70
180
70
180
70
180
70
180
70
180

N
9
6
9
9
10
10
10
10
10
10
1
1
10
10
10
10
10
10

PO
Mean ±
0.37 ±
0.41 ±
0.59 ±
0.52 ±
0.80 ±
0.77 ±
1.60 ±
1.66 ±
0.58 ±
0.63 ±
0.25 ±
0.18 ±
0.25 ±
0.23 ±
0.79 ±
0.80 ±
1.39 ±
1.29 ±
PO
Mean ±
0.54 ±
0.49 ±
0.58 ±
0.48 ±
0.68 ±
0.59 ±
1.47 ±
1.44 ±
0.62 ±
0.60 ±
0.23 ±
0.31 ±
0.31 ±
0.29 ±
0.77 ±
0.76 ±
1.22 ±
1.06 ±

SD
0.03
0.09
0.16
0.10
0.10
0.13
0.20
0.17
0.07
0.06
0.09
0.03
0.03
0.02
0.07
0.08
0.24
0.21

N
3
6
8
7
10
10
10
10
10
10
2
5
10
10
10
10
10
10

SD
0.10
0.09
0.11
0.06
0.11
0.11
0.16
0.19
0.05
0.06

N
9
8
9
8
10
10
10
10
10
10
4
5
10
10
10
10
10
10

0.03
0.03
0.05
0.06
0.23
0.13
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CPF
Mean ±
0.42 ±
0.42 ±
0.67 ±
0.65 ±
0.86 ±
0.78 ±
1.53 ±
1.65 ±
0.64 ±
0.64 ±
0.26 ±
0.25 ±
0.25 ±
0.22 ±
0.80 ±
0.82 ±
1.46 ±
1.34 ±
CPF
Mean ±
0.54 ±
0.51 ±
0.63 ±
0.49 ±
0.67 ±
0.66 ±
1.37 ±
1.49 ±
0.60 ±
0.62 ±
0.24 ±
0.22 ±
0.30 ±
0.28 ±
0.79 ±
0.79 ±
1.28 ±
1.11 ±

SD
0.08
0.07
0.17
0.10
0.16
0.08
0.22
0.17
0.08
0.05
0.06
0.05
0.02
0.03
0.12
0.08
0.32
0.23
SD
0.06
0.05
0.13
0.06
0.07
0.14
0.14
0.13
0.07
0.08
0.03
0.05
0.02
0.03
0.05
0.08
0.17
0.21

p

Effect

0.963
0.032
0.505
0.455
0.107
0.170
0.640
0.647
0.551
p
0.059
0.202
0.368
0.488
0.969
0.342
0.218
0.386

Effect

Table 6.7: 1H-MRS Results
Summary of group differences via in vivo 1H-MR spectroscopy.
VI-C5. Morris Water Maze Performance Unaffected
Learning to escape onto the hidden platform in the Morris water maze was similar
between the PO and CPF groups (Figure 6.9). A GLM repeated measures with training
day (1-5) as the repeated measure factor and treatment (PO or CPF) as the betweensubject factor revealed no significant differences in escape latency between the treatment
groups. Likewise, there were no overt treatment differences between the swimming
speed, distance traveled to the platform, or number of line crossings. There were no age
differences between the groups at the time of behavioral testing, nor were there
significant group differences or interactions that would indicate an effect of CPF on body
weight at the time of the behavioral testing between the groups.

Figure 6.8: Morris water maze training results.
Left: Line graph of mean escape latency in seconds for each of five training days (1-5).
Right: Line graph of swim distance in meters for each of the five training days. Error
bars represent SE.
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The Probe test for memory retention did not detect any significant differences
between the treatment groups. Specifically, there were no such differences for number of
entries into the target quadrant, time spent in the target quadrant, or time swimming
towards the original platform location. There were no differences in swimming speed or
overall distance traveled between the treatment groups (Table 7.8).
VI-C6. Open Field Performance Shows Locomotor Activation
A GLM repeated measures analysis was used with training day (1-2) as the
repeated measure and treatment as the between subject factor. The CPF-treated animals
did not show straightforward differences in apparent anxiety or locomotor activity.
Specifically, there no overall treatment differences in the amount of time spent exploring
and entries into the central area, total distance traveled, or distance travelled in center
between PO and CPF animals in this task (Table 7.8).
There were however significant interaction effects in terms of total distance
traveled [F(1,15) = 4.71, p = .047], distance traveled in the center area [F(1,15) = 5.13, p
= .039], and number of entries into the central area [F(1,15) = 4.80, p = .045] that were
highly dependent on the day of the test. The CPF-injected animals consistently started on
day one with elevated values for each of these measurements, which fell compared to PO
controls on the second day. When center entries and distance in center were normalized
to total distance, these differences fell below the threshold for significance [F(1, 14) =
2.53, p= .134]. These apparent exploratory signs thus may actually be attributable to the
increase in locomotor activity.
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Figure 6.9: Open Field Test Performance.
A) Box plots for open field test results. B) Mean images of tracked pathways in the open
field test.
MWM Training
PND N
Escape Latency (s)
180 9
Distance Traveled (m) 180 9
Swim Speed (m/s)
180 9
Thigmotaxis Time
180 9
Thigmotaxis Distance 180 9
MWM Probe
Platform Entries (#)
180 9
Quadrant Time (s)
180 9
Distance Traveled (m) 180 9
Swim Speed (m/s)
180 9
Open Field
Total Distance (m)
180 8
Center Distance (m)
180 8
Center Entries (#)
180 8
Center Time (s)
180 8

PO
Mean ±
65.72 ±
16.99 ±
0.26 ±
0.36 ±
0.33 ±

SD
13.97
2.42
0.05
0.14
0.08

N
10
10
10
10
10

CPF
Mean ±
65.07 ±
17.45 ±
0.26 ±
0.41 ±
0.38 ±

SD
13.96
2.88
0.02
0.12
0.12

p
0.921
0.716
0.805
0.456
0.237

2.44
28.74
32.21
0.36

±
±
±
±

1.94
13.48
4.23
0.05

10
10
10
10

1.90
27.99
29.71
0.33

±
±
±
±

1.73
14.86
10.99
0.12

0.527
0.909
0.531
0.531

46.16
1.39
3.75
7.29

±
±
±
±

26.97
0.73
1.64
6.07

9
9
9
9

45.76
1.23
3.40
8.20

±
±
±
±

28.34 0.047(x)
0.67 0.039(x)
1.66 0.045(x)
10.34 0.821

Table 6.8: Behavioral Task Results
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Effect

MWM training and probe tests with open field results. P values and effect size bars are
for treatment differences (PO vs. CPF). An (x) by the P value indicates the significance
level shown is for an interaction effect.
VI-D. Discussion
The focus of this study was to understand the effects involved with exposure to
CPF at the prepubertal age upon the neurology of the guinea pig at adolescence and as
young adults. The primary findings of this chapter were suggestive of a neuroprotective
increase in hippocampal glutamine, oxidative stress in the cerebral cortex, cytotoxic
edema in the corpus callosum and thalamus, astrogliosis in the striatum, and behavioral
changes suggestive of anxiety in the CPF exposed group. These results demonstrate that
prepubertal CPF exposure does result in deleterious neurological effects, but does not
result in overt cognitive deficits when the animals are examined at the young adult stage.
VI-D1. Glutamine as a Neuroprotective Response in the Hippocampus
Glutamine is known to have a neuroprotective effect in response to toxic
stressors, which may explain its heightened presence in the hippocampus under these
conditions. In both cell culture and in-vivo rodent studies, increases in glutamine have
been shown to protect neuronal cells against amyloid-beta protein toxicity, DNA damage,
and free radical induced stress (Chen & Herrup, 2012; Ramonet et al., 2004). In humans,
glutamine supplementation has been shown to be somewhat protective against peripheral
neuropathy due to chemotherapy agents (Stubblefield et al., 2005). These results suggest
that the hippocampus may have been affected by the CPF but largely spared harmful
effects at this stage due to an effective stress response to the neurotoxin. The mechanism
through which this Gln increase occurs would be indirect: the neurotoxic stressor causing
an increase in excitotoxic glutamate, and as a neuroprotective response more glutamine

117

synthetase is released to tilt the balance of the glutamate-glutamine cycle towards
glutamine instead. It is worth nothing that the glutamine synthetase enzyme itself has
been associated with neurotoxicity in culture at high concentrations (Chen & Herrup,
2012), so the long-term effect of even this neuroprotective response is uncertain. It is
worth investigating if this Gln response persists into ages beyond those examined in this
chapter, as the effects of prepubertal exposure to CPF may be more or less pronounced in
older adults.
VI-D2. Behavior Reveals Anxiety and Locomotor Activation
The open field test patterns of the CPF treated animals showed a distinctly higher
level of locomotor activity on the first day, which subsided to very low levels on the
second. While the reduction in locomotor activity on the second day is consistent with
anxiety (Walsh & Cummins, 1976), the dramatic increase on the first day is less typical.
This appears to be unique to the open field apparatus, as there was no corresponding
increase in locomotor activity in the MWM training or probe tests. Animals were
consistently tested in mixed groups of PO and CPF animals in separate open field boxes,
so it is unlikely that external noises or other unexpected deviations in the testing
conditions would be responsible for such a marked difference in only one group. In rats,
prior stress has been shown to elicit similar patterns of initial increases in activity that
settle below baseline over time (Roth & Katz, 1979). This suggests that these very
polarized reactions to the open field on different days are indicative of a heightened
anxiety response to long-term stress induced by CPF exposure.
There were no apparent differences in the MWM acquisition trials or the MWM
probe test. This indicates that, as young adults long after prepubertal exposure, the
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animals do not seem to show any detectable cognitive differences in terms of spatial
learning and memory. This is actually an interesting negative finding when compared to
the earlier prenatal study, which found deficits in MWM performance associated with
MR measurements. This drives home the idea that the neurological effects of CPF depend
strongly on the timing of exposure. It also indicates that many of the effects of CPF are
too subtle at some stages of life to be detected from overt behavioral signs. Further
research is required to determine whether these results hold true for much older animals
exposed to CPF prepubertally.
VI-D3. DKI Alterations within the Striatum and Corpus Callosum
DKI measures revealed some interesting findings, primarily in the striatum and
corpus callosum. Only the mean kurtosis measure reflected an overt treatment difference,
with the increased striatal MK of the CPF-treated group being suggestive of an increase
in microstructural complexity in that area (Paydar et al., 2014). This pattern of increase in
MK has been attributed to reactive astrogliosis in a rat model (Zhuo et al., 2011), though
there was no notable increase in striatal myo-inositol or glutamine that would help
support that interpretation. In the diffusion measures (MD, AD, RD) there were
significant interaction effects in the aforementioned areas. Generally, these parameters
tended to start higher then decrease faster in the CPF treated animals over time. The
general pattern suggests a prolonged course of cytotoxic edema, which has been noted
previously in the case of exposure of rats to the OP nerve agent soman (Testylier et al.,
2007).
The initial high starting point of MD in the striatum and corpus callosum is
consistent with either vasogenic edema or neuritic beading as a response to CPF
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exposure. Vasogenic edema often results from an increased permeability of the bloodbrain barrier, which occurs in the brain of rats treated with the related OP nerve agent
Sarin (A. Abdel-Rahman, Shetty, & Abou-Donia, 2002). Neuritic beading is a known
phenomenon in which the axonal tracts deform in response to a toxic stressor. Here,
alternating indentations and bead-like swellings occur that result in an overall increase in
mean diffusivity (Budde & Frank, 2010). It is also a feature of neuronal dysfunction from
other sources of excitotoxic stress such as ischemic stroke and neurodegenerative
disorders (Takeuchi et al., 2005). These two explanations are not mutually exclusive, so
their relative contributions to the early diffusivity increases shown here require further
study to be understood.
Another interesting feature of these findings is that the diffusion measures
appeared to be more sensitive to possible changes in white matter (corpus callosum) or
mixed grey and white matter regions (striatum, amygdalae, thalamus), with no notable
findings in the grey matter regions of the cerebral cortex and hippocampus. This may
indicate that these regions are spared the effects of CPF, or may be due to the lower
sensitivity of diffusion-weighted imaging to contrast differences within gray matter
regions.
VI-D4. T2* hypointensity in the cerebral cortex
The T2* relaxation map revealed a robust decrease in this measure within the
cerebral cortex. A decrease in T2* relaxation time is typically associated with an increase
in brain iron content and oxidative stress (Berg & Youdim, 2006; Brass et al., 2006). This
cortical effect was most pronounced within a month after exposure, and had largely faded
with maturation in the treated group by the time they reached 6 months of age. This
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implies a long lasting but ultimately transient oxidative stress response to CPF
intoxication apparently restricted to the cerebral cortex.
VI-D5. Later Critical Periods
The results here lead to the hypothesis that another developmental event occurring
well after the time points examined here may be required for the deleterious effects of the
CPF exposure to arise. In support of this, one of the seminal papers informing this study
(Wolfer & Lipp, 1995) indicated that a second hippocampal growth spurt appears to
occur in guinea pigs between 160 and 320 PND. This “mid-life hippocampal growth
spurt” is a different neurodevelopmental event than the prepubertal one that occurs before
sexual maturity. This, combined with the modern evidence that hippocampal
neurogenesis is an ongoing feature of mammalian neurobiology (Amrein & Lipp, 2009)
also implies that the findings here may actually be a matter of the time at which the
animal was examined.
VI-D6. Potential Isoflurane anesthesia confound
The effect of isoflurane anesthesia on brain function is a previously ignored
confound that may have affected the experiment in this chapter. The current paradigm
placed the behavioral tasks after two distinct exposures of isoflurane anesthesia from the
two MR sessions. This is relevant because other studies have found neuroprotective
effects of short duration dosages of isoflurane in rat models of cerebral ischemia
(Engelhard et al., 1999; Zheng & Zuo, 2004), and one even showed that it improved
performance on the MWM days after exposure (Su et al., 2012). A lingering
neuroprotective effect stemming from the anesthesia could mask, complicate, or outright
prevent the effect of CPF in areas such as the hippocampus that are continually growing
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new neurons. It must be noted however that the first MR acquisition in this chapter’s
experiments took place a month after the CPF injection, so a direct interaction between
the drugs (CPF and Isoflurane) is very improbable. In addition, isoflurane has been
shown to have no neurodevelopmental effects on behavior or brain metabolites in a
normal mouse model so this confound is again limited in scope (Kulak et al., 2010).
VI-D7. Conclusion
The findings of this study support the general hypothesis that a single exposure of
CPF at the prepubertal stage can induce significant neurobiological and behavioral
deficits observable at adulthood. The CPF treated animals showed an increase in
hippocampal glutamine, T2* indicators of oxidative stress in the cerebral cortex, and DKI
indicators of cytotoxic edema in the striatum and corpus callosum, and open field activity
consistent with anxiety. Taken together, these results point towards a complex neural
response to CPF toxicity that may be missed by those only concerned with overt
behavioral symptoms. These findings are of great significance to both researchers and
those concerned with public health, especially concerning those who grow up or raise
families in agricultural areas.
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VII. PREPUBERTAL EFFECTS OF CPF EXPOSURE INTO MATURITY
VII-A. Introduction
This chapter continues the investigation of the long-term effects of prepubertal
CPF exposure. This study examined the delayed consequences of such exposure as they
manifest in fully mature animals (Mullins et al., 2013). As detailed in both the
introductory chapter and in chapter 6, the presence of CPF in the environment poses a
particular danger to children during the prepubertal stage. In the general US population,
urine metabolites associated with CPF are higher in children (6 to 11 years) than in adults
(Crinnion, 2010; Lambert et al., 2005). Recent studies in rodents exposed to CPF 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). CPF 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).
While the earlier prenatal and prepubertal chapters (5 & 6) showed clear deficits
and abnormalities in brain structure and function attributable to CPF exposure, it cannot
be presumed that these changes will remain constant later in life. We now know that the
neurological features of the brain are not static even in the mature brain. For example, a
great deal of hippocampal neurogenesis has been shown to continue in humans and
rodents throughout adulthood (Bayer, Yackel, & Puri, 1982; P. S. Eriksson et al., 1998;
Reynolds & Weiss, 1992). Of particular relevance is the finding that in guinea pigs a
second hippocampal growth spurt has been shown to occur well after 160+ PND, a time
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which was not covered in prior experiments (Wolfer & Lipp, 1995). Here, we seek to
expand the scope of our investigation into these delayed adult effects of earlier exposure
using MR & behavioral methods.
VII-A1. Objectives
In the present chapter we 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. In a manner similar to the prepubertal study in chapter VI, we sought to
examine the three main questions of whether CPF exposure results in CNS changes,
whether such changes persisted into adulthood, and how they may be associated with
changes in behavior. The key distinction of this experiment compared to those described
in chapters V-VI is that CPF-exposed animals here were examined much later in their
lifespan following exposure.
VII-B. Specific Methods
VII-B1. Animal Subjects
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, resulting in 6 animals in each group (Table 7.1). The treatment group was injected
at 35-40 PND subcutaneously between the shoulder blades with chlorpyrifos
(ChemService, West Chester, PA) dissolved in peanut oil (300 mg/kg, from Sigma
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Aldrich, St.Louis, MO), and the vehicle group was injected with peanut oil (0.5 ml/kg,
sc). Behavioral testing occurred at 11 months after the treatment, with MR imaging and
spectroscopy following a month later (Figure 7.1 & Table 7.1).

Figure 7.1: Timeline of Chapter 7 Experiment
Study design for the experiments in this chapter over the course of the animal’s
development. Numbers within arrow bar are approximate PND, with 0 representing day
of birth.
Group
PO (Vehicle)
CPF (Treated)

Sex
Female

N
6
6

MWM

MRI

12 months

13 months

Table 7.1: Animal Subject Characteristics
The summary table for animal subjects describes the groups, sex, number, and age range
in PND at the time of the MRI acquisitions.
VII-B2. Behavioral Tasks
The Morris water maze (MWM) test was used as a behavioral measure in this
chapter. The open field task was not performed with this set of animals. As described in
the introduction and general methods, the MWM was used to examine spatial learning
and memory. The MWM task took place approximately one month prior to the MR
acquisition.
VII-B3. MR Parameters
At the end of the behavioral tests, animals were subjected to in vivo imaging. All
experiments were carried out as described in the general methods section in regards to
MR equipment and materials, as well as general animal handling including placement of
the animal in the MR and anesthesia methods. MR Methods used in this chapter and
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described in more detail below include T2-weighted anatomical imaging, T2*
relaxometry, DKI, and 1H-MRS. These methods were chosen to assess the effects of CPF
exposure on volume and morphometry, oxidative stress, microstructural integrity, and
biochemistry, respectively.
A Rapid Acquisition with Relaxation Enhancement (RARE) sequence was used to
obtain T2-weighted MR images. These images were used to calculate the volume of the
whole brain and ROIs such as the hippocampus. These acquisitions had a 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 coronal plane. The total time for the T2
anatomical image acquisition was 6 m 30 s.
T2* Images were obtained in order to assess the iron content and oxidative stress
in the brain. The protocol for these used twelve gradient refocused echoes with the TE of
the first echo being 4.5 ms and the remaining echoes being spaced 5.5 ms apart (4.5 –
65.0 ms). Four contiguous coronal slices were placed to cover the bulk of the striatum,
hippocampus, and thalamus. These images were obtained at a TR of 1500 ms covering 35
mm FOV using 2 mm slice thickness at a matrix resolution of 112 x 112 using four
averages in the coronal plane. Unfortunately, the T2* acquisition was added into the
protocol later in the study, reducing the number of animals with this information to 7 (3
PO, 4 CPF) out of the full 12. The total time for the T2* relaxation map image was 8 m
24 s.
DKI images for the diffusion analysis of brain microstructure were acquired at the
same slice locations as the T2-weighted images using a single shot Echo Planar Imaging
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(EPI) sequence with TR/TEeff = 8500/45 ms, FOV = 35×35 mm2, matrix size 96×96, 30
gradient directions, and 5 images at 0 s/mm2 followed by two b-values at 1000 s/mm2 and
2000 s/mm2. A total of 24 slices at 1 mm slice thickness and two averages were obtained
for a total DKI image acquisition time of 18 min 25 s.
1

H-MRS data for assessing brain biochemistry were acquired immediately

following the MRI acquisitions (T2, T2*, DKI). Outer volume suppression combined with
point-resolved spectroscopy (PRESS) sequence was used for signal acquisition, with
TR/TE = 2500/20 ms, spectral bandwidth = 5 kHz, number of data points = 2048, number
of averages = 600 for the hippocampus and 800 for the striatum. Localized 1H MRS were
acquired from the left hippocampus (3 x 5 x 2 mm3; Figure 2) and left striatum (3 x 3 x 3)
for each of the guinea pigs. MRS data were acquired immediately following the structural
MRI acquisition. The total time for the hippocampal 1H MRS acquisition was 25 m 10 s
for the hippocampal voxel and 33 m 30 s for the striatal voxel.
VII-B4. Data Processing
Brain volume measurements were made as described in general methods for the
forebrain, parenchyma, and CSF regions. The hippocampal ROI was added into this
study as a means of detecting any overt volumetric changes that may occur as a
consequence of CPF neurotoxicity. Hippocampal volume was outlined manually on
coronal T2-weighted MR images. The volumes of the parenchymal (white + gray matter),
CSF, and forebrain (Parenchyma + CSF), and ventricular areas were calculated with the
user-guided tools available within the Medical Image Processing, Analysis, and
Visualization software (MIPAV v5.3.1, CIT, NIH, Bethesda, MD; McCauliffe et al.,
2001). Manual tracing on coronal T2-weighted MR images was used to differentiate
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cerebrospinal fluid (CSF) and sinus areas from ventricles, and to delineate the borders of
the hippocampus.
VII-B5. Statistical Analysis
Statistical comparisons were made between the Treatment (CPF) and vehicle
(peanut oil) groups using the multivariate General Linear Model (GLM) function in SPSS
(SPSS Statistics for Windows, Version 21, Armonk, NY: IBM Corp.). Dependent values
were compared using group (CPF or vehicle) as the factor, and the GLM least squares
corrected model was used to correct for correlated measures within each modality
(behavioral, volumetric, diffusion). Pearson's r bivariate correlations were used to assess
the relationship between MWM, volumetric measures, and diffusion parameters.
VII-C. Results
VII-C1. Body Weight & Forebrain Volumetrics Unaffected
Figure VII.2 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 body weight, overall forebrain volume,
parenchyma, or CSF of animals in either group (Table 7.2). Segmentation of the
ventricular areas from general CSF also revealed no significant differences. There were
no group differences between chlorpyrifos treated vs. control animals in the volume of
the hippocampus.
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Figure 7.2: Representative T2 Volumetric Images
Coronal T2-weighted images from the brain of a vehicle (top row) and chlorpyrifos
treated guinea pig (bottom row).
PO
CPF
N
Mean ± SD
N
Mean ± SD
p Effect
Body Weight (g)
6 930.17 ± 62.09 6 991.33 ± 90.36 0.202
Volume (mm 3 )
Forebrain
6 3420.65 ± 115.21 6 3528.54 ± 143.17 0.181
Parenchyma
6 3308.70 ± 125.59 6 3397.14 ± 118.90 0.239
CSF
6 111.95 ± 27.17 6 131.40 ± 38.13 0.333
Ventricles
6
56.51 ± 12.46 6
56.80 ± 12.09 0.968
Table 7.2: Summary of Body Weight and Forebrain Volumetrics.
Body weight in grams and volumetric measures for various brain tissue types in mm3.
Results shown are mean ± SD.
VII-C2. T2* Relaxation
T2* values were also comparable between chlorpyrifos and peanut oil injected
guinea pigs (Table 7.3). A possibly shortened T2* relaxation time in the hippocampus,
striatum, and amygdala was observed in the group of chlorpyrifos-injected animals, but
was non-significant in this small group of animals. However, this may suggest a slow
accumulation of iron following oxidative stress upon treatment with CPF in these
regions.
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T2* Relaxation (ms)
Amygdalae
Cerebral Cortex
Hippocampus
Striatum
Thalamus

N
3
3
3
3
3

PO
Mean ±
17.28 ±
21.44 ±
29.78 ±
30.84 ±
25.18 ±

SD
3.10
3.81
11.84
4.04
6.18

N
4
4
4
4
4

CPF
Mean ±
14.98 ±
24.84 ±
25.44 ±
28.69 ±
24.39 ±

SD
1.76
3.89
8.93
3.50
5.21

p Effect
0.264
0.300
0.601
0.483
0.861

Table 7.3: T2* Results
T2* values (mean ± SE) in the different regions of the guinea pig brains in vehicle (n = 3)
and chlorpyrifos (n = 4) treated groups.
VII-C3. 1H Spectroscopy Reveals Hippocampal Myo-inositol Deficit
Examples of typical in vivo 1H MR spectra of the chlorpyrifos- and vehicleinjected guinea pigs are shown for the hippocampus in Figure 7.3. 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 7
metabolites, and only those metabolites with Cramer-Rao lower bounds score (CRLB)
below 20 % were quantified.

Figure 7.3: Hippocampal Spectra and Metabolites
A) Localized in vivo 1H spectra in hippocampus from example vehicle and chlorpyrifostreated guinea pigs. The white box in the T2-weighted images delineates the spectroscopy
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voxel. B) Box plot of myo-inositol to total creatine ratios measured in the hippocampus
from animals injected with peanut oil or chlorpyrifos.
Quantitative analysis of the spectral data showed that levels of myo-inositol (mI)
were significantly lower in the hippocampi of CPF-injected animals compared to vehicle
animals ([F(1,10) = 5.19, p = .046], Figure 7.3 B). There were no statistically significant
differences in Gln, Glu, Glu + Gln, tCho, NAA, NAAG, and NAA + NAAG) levels in
the hippocampus. None of the metabolites in the striatum were significantly different
between the two groups (Table 7.4).

PO
Mean ±
0.73 ±
1.44 ±
0.50 ±
0.19 ±
0.63 ±
1.13 ±
0.49 ±

CPF
Mean ±
0.63 ±
1.30 ±
0.48 ±
0.21 ±
0.64 ±
1.19 ±
0.56 ±

Hippocampus (/tCr) N
SD
N
SD
p Effect
Glutamate
6
0.13
6
0.22
0.349
Myo-inositol
6
0.07
6
0.12
0.046
NAA
6
0.11
6
0.11
0.826
total Choline
6
0.04
6
0.04
0.392
NAA+NAAG
6
0.12
6
0.10
0.866
Glu+Gln
6
0.26
6
0.28
0.734
Glutamine
5
0.26
6
0.20
0.589
Striatum (/tCr)
Glutamate
6
0.79 ± 0.34
6
1.03 ± 1.20
0.644
Myo-inositol
6
1.51 ± 0.51
6
1.61 ± 0.47
0.732
NAA
6
0.65 ± 0.17
5
0.72 ± 0.27
0.648
total Choline
6
0.21 ± 0.07
6
0.18 ± 0.06
0.532
NAA+NAAG
6
0.72 ± 0.15
6
0.68 ± 0.29
0.717
Glu+Gln
6
1.27 ± 0.46
6
1.86 ± 1.42
0.355
Glutamine
6
0.48 ± 0.33
6
0.83 ± 0.37
0.119
1
Table 7.4: H-MRS Results
Summary of group differences via in vivo 1H-MR spectroscopy. A significant depression
of myo-inositol (mI/tCr) levels was noted in the hippocampus.
VII-C4. Morris Water Maze Performance Impaired
Performance in the MWM was significantly different between CPF and POinjected animals, with the chlorpyrifos treated animals showing significant memory
retention impairment in the MWM test (Figure 7.5). Specifically, CPF-treated animals
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had higher escape latency, taking longer than the PO group to find the submerged
platform over the course of the five training days [F(1,10) = 7.77, p = .019]. The mean
swimming speed, total distance traveled, and distances traveled along the wall zones were
not significantly different between the treatment groups (Table 7.5). Taken together,
these results suggest an impairment of hippocampal-dependent cognitive processing in
chlorpyrifos-injected animals.

Figure 7.4: Morris Water Maze Performance
Left: Line graph of mean escape latency in seconds for each of five training days (1-5).
Right: Line graph of swim distance in meters for each of the five training days. Error
bars represent SE.
MWM Training
Escape Latency (s)
Distance Traveled (m)
Swim Speed (m/s)
Thigmotaxis Time
Thigmotaxis Distance
MWM Probe
Platform Entries (#)
Quadrant Time (s)
Distance Traveled (m)
Swim Speed (m/s)

N
6
6
6
6
6

PO
Mean ±
51.19 ±
30.39 ±
0.26 ±
0.42 ±
0.32 ±

6
6
6
6

4.17 ± 3.06
26.08
22.78
30.39 ± 2.76
0.34 ± 0.03

SD
8.63
2.76
0.01
0.07
0.08

Table 7.5: Behavioral Task Results
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N
6
6
6
6
6

CPF
Mean ±
72.36 ±
25.67 ±
0.22 ±
0.57 ±
0.40 ±

6
6
6
6

2.17 ± 3.43
21.17
9.75
25.67 ± 9.65
0.29 ± 0.11

SD
16.48
9.65
0.50
0.15
0.13

p Effect
0.019
0.276
0.082
0.060
0.232
0.312
0.637
0.276
0.276

MWM training and probe tests. P values and effect size bars are for treatment differences
(PO vs. CPF).
VII-C5. DKI Parameters Unaffected by CPF at Maturity.
No significant changes were found in DKI parameters between the PO and CPF
groups (Tables 7.6-7.8). All measures were extremely similar except for some nonsignificant potential decreases in kurtosis measures within the amygdalae.
FA ROI:
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

N
6
6
6
6
6
6

PO
Mean ±
0.26 ±
0.44 ±
0.17 ±
0.16 ±
0.07 ±
0.25 ±

SD
0.01
0.03
0.03
0.03
0.01
0.03

N
6
6
6
6
6
6

CPF
Mean ±
0.26 ±
0.43 ±
0.17 ±
0.16 ±
0.08 ±
0.26 ±

SD
0.03
0.03
0.02
0.01
0.01
0.01

p Effect
0.999
0.521
0.963
0.943
0.221
0.734

Table 7.6: DKI Anisotropy Results
Group differences in the DKI anisotropy measure (FA) are summarized in this table. Data
is presented as mean ± standard deviation. FA is a dimensionless ratio.
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MD ROI:
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus
AD ROI:

N
6
6
6
6
6
6

PO
Mean ±
0.98 ±
0.95 ±
0.88 ±
0.97 ±
0.16 ±
0.93 ±

Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

6
6
6
6
6
6

1.24
1.41
1.04
1.13
0.20
1.17

±
±
±
±
±
±

0.08
0.09
0.17
0.12
0.03
0.05

6
6
6
6
6
6

1.27
1.41
1.00
1.10
0.19
1.17

±
±
±
±
±
±

0.09
0.04
0.02
0.02
0.04
0.05

0.635
0.857
0.591
0.478
0.739
0.946

6
6
6
6
6
6

0.84
0.71
0.81
0.89
0.15
0.81

±
±
±
±
±
±

0.05
0.05
0.08
0.05
0.02
0.06

6
6
6
6
6
6

0.85
0.72
0.78
0.87
0.13
0.80

±
±
±
±
±
±

0.05
0.04
0.02
0.02
0.04
0.03

0.867
0.581
0.417
0.374
0.516
0.852

SD
0.06
0.06
0.11
0.07
0.03
0.05

N
6
6
6
6
6
6

CPF
Mean ±
0.99 ±
0.95 ±
0.85 ±
0.94 ±
0.14 ±
0.92 ±

SD
0.06
0.02
0.01
0.02
0.04
0.04

p Effect
0.747
0.792
0.498
0.409
0.515
0.920

RD ROI:
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

Table 7.7: DKI Diffusivity Results
Group differences in DKI diffusivity measures are summarized in this table. Data is
presented as mean ± standard deviation. MD, AD, and RD are expressed in units of 10ˉ³
mm²/s.
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MK ROI:
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

N
6
6
6
6
6
6

PO
Mean ±
0.96 ±
0.93 ±
0.67 ±
0.70 ±
0.16 ±
0.94 ±

N
6
6
6
6
6
6

CPF
Mean ±
0.84 ±
0.91 ±
0.67 ±
0.71 ±
0.18 ±
0.95 ±

SD
0.10
0.04
0.09
0.06
0.05
0.10

SD
0.09
0.08
0.05
0.05
0.08
0.07

p Effect
0.053
0.542
0.939
0.900
0.554
0.808

6
6
6
6
6
6

0.99
0.86
0.77
0.74
0.19
0.93

±
±
±
±
±
±

0.08
0.05
0.09
0.06
0.05
0.11

6
6
6
6
6
6

0.90
0.84
0.77
0.76
0.22
0.97

±
±
±
±
±
±

0.09
0.07
0.07
0.06
0.07
0.09

0.094
0.584
0.987
0.699
0.407
0.506

6
6
6
6
6
6

0.89
1.15
0.64
0.67
0.24
0.91

±
±
±
±
±
±

0.12
0.09
0.07
0.05
0.05
0.08

6
6
6
6
6
6

0.77
1.11
0.66
0.68
0.26
0.92

±
±
±
±
±
±

0.12
0.12
0.05
0.04
0.08
0.06

0.104
0.564
0.685
0.727
0.679
0.744

AK ROI
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

RK ROI
Amygdalae
Corpus Callosum
Cerebral Cortex
Hippocampus
Striatum
Thalamus

Table 7.8: DKI Kurtosis Results
Group differences in kurtosis measures are summarized in this table. Data is presented as
mean ± standard deviation. MK, AK, & RK are dimensionless ratios.
VII-C6. Relation between MRS and MWM Index
Bivariate partial correlations revealed a non-significant trend between the spatial
memory learning indices from the MWM and the decreased mI values from 1H MRS on
both hippocampus (r = -.56, p = .06) and striatum (r = .50, p = .099) for the CPF-injected
animals (Figure 7.6). These results, while not reaching the threshold for significance at
these numbers, do raise the possibility of connection between these behavioral and
metabolic consequences of exposure to CPF.
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Figure 7.5: Correlation between Hippocampal mI and MWM Performance
Scatterplot of the correlation (non-significant) between the MWM escape latency in
seconds and the mI to creatine ratio in the Hippocampus.
VII-D. Discussion
VII-D1. The putative role of mI in CPF-induced neurotoxicity
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
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
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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 pro-apoptotic
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.
A prior study found global upregulation of 5HT-related synaptic proteins and
suggest that the effect of CPF exposure on the 5HT system may be permanent (Aldridge
et al., 2005). In relation to this finding, an inverse relationship between 5HT activity and
mI

using

proton

MRS

upon

3,4-methylenedioxymethamphetamine

(MDMA)

administration was found in in rats (Perrine et al., 2010). Thus, decreases in mI, one year
after pre-pubertal exposure to CPF in this study may be a result of the long-term effect on
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the serotonin system, which indirectly affects the phosphotidyl inositol signaling
pathways.
VII-D2. Prepubertal CPF does not inflict overt morphological changes
It is notable that metabolic and behavioral changes were observed at one year
after exposure to chlorpyrifos treated animals without any accompanying morphological
changes. 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 at 5 months after exposure following administration of 1 mg/kg
chlorpyrifos daily to neonatal rats on postnatal days 1-4. It can be inferred from this that a
simple structural examination of the gross features of the brain may not be sufficient to
detect exposure to CPF, which has implications for the detection of these long-term
symptoms in human populations. Most importantly, the CPF exposure does not seem to
inflict atrophy in post-natal, prepubertal animals. Unveiling the strong yet subtle effects
of CPF on cognition requires more sensitive measures of microstructure and behavior
such as those used in this study.
VII-D3. Tissue iron content (T2*) and exposure to CPF
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 in many regions
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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 may provide important insights into the
long-term predisposition for the development of neurological deficits following an
exposure to pesticides at early ages.
VII-D4. Conclusion
In this study, we demonstrated a decrease of mI content in the hippocampus one
year after a single administration of chlorpyrifos (0.6xLD50) 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 towards 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
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pathophysiology of CNS changes following single and continuous sub-lethal exposure to
pesticides.
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VIII. GENERAL DISCUSSION AND FUTURE DIRECTIONS
The overarching goal of this thesis was to understand the neurodevelopmental
effects of exposure to a common pesticide, chlorpyrifos (CPF), during the critical
prenatal and prepubertal periods, and to characterize these over the lifespan in a relevant
animal model. To accomplish this goal, we used the highly translationally relevant guinea
pig model to investigate in vivo the MR characteristics of normal neurodevelopment, the
effect of prenatal exposure to CPF into young adulthood, and the effects of prepubertal
exposure to CPF into young adulthood and maturity. Each study used a combination of
MR methods to provide information about the biochemistry (1H-MRS), microstructural
integrity (DKI), gross anatomy (T2 volumetrics) and oxidative stress (T2* relaxometry) in
conjunction with well-known animal behavioral assessments of learning and memory
(MWM) as well as locomotor activity and anxiety (open field).
VIII-A. Guinea Pig Neurodevelopment and MRI (Chapter IV)
We predicted that CNS changes related to normal neuronal maturation would be
evident from information obtained by MR imaging methods. The results of this study
provided significant insights into normal neurodevelopment. Specifically, large and
consistent age-related increases were found in overall brain volume, myelin integrity,
tissue density, and microstructural complexity. Within specific brain regions, the corpus
callosum, amygdalae, and striatum closely followed the patterns observed at the whole
brain level. The predominantly grey-matter areas of the hippocampus and cerebral cortex
showed less pronounced changes over the post-natal developmental stages. We
confirmed that the post-natal period is a time of significant and critical change in the

141

developing guinea pig brain, serving to both justify and inform the developmental
neurotoxicity experiments in the following chapters.
VIII-B. Prenatal Exposure to CPF (Chapter V)
Armed with this increased understanding of normal post-natal neurodevelopment,
the next step was to determine to what extent CPF could perturb that same delicate
developmental process while in the womb. Our experiments revealed that the offspring of
mothers exposed to CPF displayed significantly decreased body weight and brain
volume, particularly in the frontal regions of the brain encompassing the striatum and
amygdalae. Furthermore, the offspring demonstrated significant spatial learning deficits
in MWM recall compared to the vehicle group. White matter integrity and
microstructural complexity was disrupted within the corpus callosum, striatum and
amygdalae, and these findings also correlated with the deficits in spatial learning and
memory. The results as summarized in Table 8.1 reveal the lasting effect of prenatal
exposure to CPF as well as the danger of mother to child transmission of CPF induced
toxicity.
VIII-C. Prepubertal Exposure to CPF (Chapters VI-VII)
To further the goal of examining the neurological consequences of exposure to
CPF at different developmental stages, we decided to move on to the later prepubertal
period. Here, guinea pigs exposed to CPF prepubertally demonstrated an increase in
hippocampal glutamine as a possible neuroprotective response, strong signs of oxidative
stress in the cerebral cortex, astrogliosis in the striatum, and cytotoxic edema in a number
of brain regions including the corpus callosum and thalamus (Table 8.1). These effects
were evident a month after the exposure and generally decreased with time. CPF treated
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animals also showed strong signs of anxiety related behavior in the open field task.
Interestingly, there were no spatial learning and memory impairments evident at the
adolescent and young adult ages, suggesting that some of the more severe neurotoxic
effects of CPF exposure may actually pass unnoticed at this stage of life in humans.
Using a different set of animals, we decided to investigate how this same
prepubertal toxic disruption would display a year later when the animal was fully mature.
Although in vivo MRI found no significant anatomical or diffusivity changes between the
CPF-exposed guinea pigs and the control animals, the CPF-exposed animals showed
significant decreases in hippocampal myo-inositol levels that suggest the loss of vital
astroglial cells, which was accompanied by severe spatial learning and memory deficits.
(Table 8.1) These results indicate that even a single sub-lethal exposure of prepubertal
guinea pigs to CPF can lead to long-term memory deficits and alterations in the
biochemistry of the mature brain.
Neurodevelopmental Highlights of CPF Treatment Studies
Chapter:
V
VI
VII
Prenatal
Prepubertal
Prepubertal
CPF Exposure:
GD 50-60
35 PND
35-40 PND
Young Adult
Young Adult
Mature Adult
Assessments:
70 PND
70 & 180 PND
365+ PND
Body Weight (g)
↓ Overall
Brain Volume
↓Forebrain
(T2 Volumetrics)
↓ Striatum
Oxidative Stress
↑↑ Cortex
(T2* Relaxation)
↓ C. Callosum
↓ C. Callosum
Myelin Integrity
↓↓ Striatum
↓ Striatum
(Diffusion)
↓↓ Amygdalae
↓Thalamus
Microstructural
↓ C. Callosum
↑ Striatum
Complexity
↓
Striatum
↓
C.
Callosum
(Kurtosis)
Hippocampal
Biochemistry
↑ Glutamine
↓ Myo-inositol
(1H-MRS)
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Behavioral and
↑ Escape latency
Cognitive Changes
↑ Anxiety
↑ Escape latency
↑Swim
distance
(MWM & Open field)
Table 8.1: Highlights of CPF Treatment Experiments (Chapters V-VII)
This table summarizes the results of CPF exposure at different stages of
neurodevelopment. An arrow before the region or metabolite indicates an increase or
decrease in the CPF treated group. The number of arrows indicates the statistical
significance of that change, i.e.: ↓ = p < .05, ↓↓ = p < .01.
VIII-D. Implications of CPF Exposure
VIII-D1. Divergent Effects of Prenatal and Prepubertal CPF Exposure
The long-term neurological and behavioral consequences of CPF exposure were
very different for animals exposed prenatally compared with those exposed prepubertally
(Table 8.1). Body weight and forebrain volume were only reduced in the prenatal groups,
while only the prepubertal group showed alterations in biochemistry. The effects on the
myelin integrity and microstructural complexity of the brain were more severe in the
prenatal group, and the striatum was highly implicated as an affected region. In the
prepubertal group, the hippocampus was more heavily affected by the CPF injection. This
difference can be ascribed to the neurodevelopmental stage at which the animal was
administered CPF. A neurotoxic disruption during the prenatal stage plausibly interferes
with the prenatal growth spurt during which the anterior forebrain regions are undergoing
significant growth (Byrnes et al., 2001). A neurotoxic disruption during the prepubertal
stage will likewise interfere with the hippocampal regions undergoing growth and
development at that time (Wolfer & Lipp, 1995). Given these differences, it is interesting
that the long term cognitive effects revealed by the MWM are so similar in the prenatal
and prepubertal (mature) groups as shown in chapters 5 and 7, respectively.
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VIII-D2. The Effects of Prepubertal CPF Exposure Vary Over Time
The two experiments on prepubertal CPF exposure (Chapters VI & VII) are
revealing in their own right, but the combined results unveil a complex timeline in which
the effects of exposure vary with advancing age. At the adolescent and young adult stages
the results suggest a short term recovery from the earlier neurotoxic exposure, as shown
by the indicators of oxidative stress and astrogliosis coupled with a neuroprotective
glutamine increase. Overt effects such as memory deficits and hippocampal dysfunction
only reveal themselves at the older adult stage.
An interesting exception is the apparent absence of cytotoxic edema in the mature
animals. The adolescent and young adult animals exposed to CPF suffer from signs of
cytotoxic edema in many of the ROIs examined, particularly the corpus callosum,
striatum, and thalamus. The transient nature of the cytotoxic edema here is consistent
with prior research showing that cerebral edema is part of a premorbid cellular process
that precedes the necrosis or recovery of the cells involved. Astrocytes are more prone to
cytotoxic edema than neurons as they absorb and clear excess K+ and glutamate, leading
to osmotic imbalance (S J Garcia et al., 2001; Stephanie J Garcia et al., 2005; Mongin et
al., 1996). This may explain the neuroprotective glutamine response in the hippocampus
of the young animals as well as the eventual astrocytic cell loss in the hippocampus of the
mature animals.
The human implications of these findings are enormous, showing that even a
single exposure at the prepubertal age can result in drastic consequences that are only
fully evident at maturity. While the most crippling symptoms of exposure may be masked
by neuroprotective events in youth, the effects are pervasive and persistent and may result
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in consequences later in life. This finding is of particular interest to researchers focused
on aging human populations, as it is can be hypothesized that childhood exposure to CPF
could worsen the severity of cognitive age-related decline.
VIII-D3. Neurodevelopmental Consequences for Human Populations
The intent behind the design of these experiments was to extrapolate the findings
from the relevant guinea pig model and understand its implications on human populations
exposed to CPF. As such, a key feature of our study was the use of the guinea pig, a
rodent animal model with strong translational validity for comparison to humans (Pereira
et al., 2014). Currently, there is still a great deal of exposure to CPF in agricultural areas
and especially in developing countries (Buckley et al., 2004; Chidiebere Uchendu, 2012;
Solomon et al., 2014). These findings thus present serious concerns and implications for
the affected human population worldwide. This dissertation dealt with the sensitive
prenatal and prepubertal stages in guinea pigs, the global effects of which can be
extrapolated to humans as follows.
First, prenatal CPF exposure through exposure of the mother can have drastic
effects on the health and neurodevelopment of the fetus. The broader effects found in
Chapter V, particularly lower birth weight and cognitive ability, were also found in the
earlier human epidemiological studies performed by the Columbia and CHAMACOS
groups (Marks et al., 2010; V. Rauh et al., 2011). These human studies did not attempt to
examine the specific anterior forebrain hypoplasia and dysfunction observed in the
guinea pigs here, and as epidemiological studies they lack the same amount of control
over the timing and dosage of the observed exposure. It would thus be imperative for
future studies of human prenatal exposure to CPF to include some attempt to measure the
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resulting morphometry of the striatum and amygdalae, as this may enable better detection
of the effects as well as informing possible treatments and prevention in humans.
Second, prepubertal CPF exposure can result in serious long-term consequences
in terms of brain biochemistry and cognition. This is an especially insidious feature of
CPF in the environment, as the pubertal stage in humans lasts at least several years,
which presents a much longer window of opportunity for exposure than the time spent in
gestation. This, coupled with the tendency of children to play and explore their
environment makes them arguably more vulnerable than the developing fetus (B
Eskenazi et al., 1999; Fenske et al., 2002). Another alarming feature of exposure during
this stage is that the effects seem to become more pronounced with advancing age. The
results of this animal study suggest that affected human adolescents may not suffer the
true effects of this compound until they are mature adults. This long delay between cause
and eventual effect makes the etiology of an observed mental decline difficult to
understand in longer-lived human populations. Separation of the subtle effects from CPF
exposure from the normal aging process may be challenging but must be considered in
future large scale studies. Hopefully these results improve the possibility that some
incidences of adult cognitive impairment may be traced back to their source.
While this dissertation makes a strong case for the severe consequences of
prenatal and prepubertal exposure to CPF, it should not be interpreted as a sign that other
ages are safe. Only further study involving a wider array of time points, both of exposure
and observation, will reveal the actual extent of these effects.
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VIII-E. Future Directions
VIII-E1. Gender and Neurodevelopment
While revealing and insightful, the neurodevelopmental study in chapter IV could
be greatly expanded to include both sexes of animals. In the human brain, many gender
differences shown by MR methods are subtle. For example using diffusion tensor
imaging (DTI) it was found that females have a lower fractional anisotropy (FA) for
overall white matter, though this effect is small and is not apparent within specific ROIs
(Y.-C. Wu et al., 2011). More overt changes involve males having more pronounced
decreases in gray matter volume and increases in white matter volume over the course of
childhood development than females (De Bellis et al., 2001). Much of the current
research on sex differences as measured by MRI has focused on human studies, though
some MRI research done in a mouse model (C57BL/6J) showed strong evidence of
sexual dimorphism. Specifically, male mice had a larger thalamus, primary motor cortex,
and posterior hippocampus while the females had larger areas within the hypothalamus
and anterior hippocampus (Spring, Lerch, & Henkelman, 2007). As we did not include
matching ages for the male guinea pigs in the development study and the female guinea
pigs in the CPF studies, it is not possible to discern morphological sex differences clearly
in the brains of these groups of animals. Age-matching different genders of animals as
proposed here would help to fill this gap in the neurodevelopmental research.
Studying gender-based differences could also yield crucial information about the
similarity between sex differences in the guinea pig model in regards to CPF exposure
(prenatal or prepubertal). Female guinea pigs were chosen for the CPF exposure studies
in chapters V-VII because of their higher known vulnerability to the effects of CPF based
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on widely available behavioral observations (Haviland et al., 2010; E D Levin et al.,
2001; Edward D Levin et al., 2002; Ricceri et al., 2006). Aside from the obvious
importance of understanding these effects in both sexes, we know from the studies
undertaken in this dissertation that sensitive MR methods can reveal the presence of
subtle dysfunction in specific brain regions that remain undetected by standard behavioral
methods. Though the prior studies cited above suggest males suffer fewer
neurodevelopmental defects from CPF, further research is required before such a
statement can be made with any certainty.
VIII-E2. Chlorpyrifos and Age-related decline
The findings of the prepubertal exposure studies (chapters VI-VII) demonstrated
that the appearance of the most severe behavioral and biochemical deficits was delayed
until the animal was well into maturity. There is already a well-established body of
evidence regarding the association between age-related decline and cholinergic
dysfunction, with aged individuals being generally more sensitive to the acute effects of
OP exposure (Overstreet, 2000). Other than the experiments in chapter VII, however,
there is no current published research available at this time regarding how early exposure
to CPF or any other OP compound might affect the ongoing process of aging. A further
study involving age-related decline and CPF would thus be novel, clinically relevant, and
informative. This study would involve greatly extending the timelines of MR observation
within the CPF exposure studies above. To do this, one would need to study the animals
into senescence, i.e. over a long enough period of time that age-related cognitive declines
could be reliably detected in the vehicle group. The difference in the rate and features of
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the age-related decline could then be compared between normal vehicle controls and a
treatment group of animals exposed to CPF earlier in development.
VIII-E3. Chlorpyrifos and Isoflurane Interactions
It is possible that some of the long-term effects of CPF exposure may have been
affect by later exposure to the isoflurane anesthesia used in these experiments. This
potential experiment is a response to a question that arose during the prepubertal CPF
experiment described in chapter 6, which used a repeated measures design that exposed
animals to multiple sessions of isoflurane anesthesia. Though there was a full month
between the prepubertal exposure to CPF and the early adult exposure to isoflurane
anesthesia, it cannot be entirely ruled out that there may have been an interaction between
the long-term neurological effects of the two drugs. Such a study could be performed as a
2x2 design, with the factors being the prior exposure to CPF and/or Isoflurane. If no
interaction due to prior isoflurane exposure reveals itself, such a study would be useful
for answering the above methodological criticism. If an interaction is actually found, the
study could yield an unexpected discovery about another agent that may have harmful or
beneficial effects in the context of CPF neurotoxicity.
VIII-F. Conclusions
Through the use of in vivo MR techniques and behavioral assessment in a guinea
pig model, we were able to detect and characterize CNS changes brought on by normal
neurodevelopment as well as exposure to the OP pesticide CPF. Normal
neurodevelopment involves critical periods of growth in white matter integrity,
microstructural complexity, tissue density, and of course brain volume. Prenatal exposure
to CPF disrupts this development, resulting in the loss of white matter integrity and
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microstructural complexity, along with deficits in learning and memory. During the
prepubertal period, a single exposure to CPF results in complicated long-term biological
consequences that actually become more severe with age. Specifically, these animals
suffer cortical oxidative stress, astrogliosis, and neuroprotective biochemical responses as
adolescents and young adults, which advance at full maturity to hippocampal astroglial
dysfunction accompanied by severe learning and memory deficits. This series of
experiments thus reveals a wealth of relevant and critical information about the effects
and dangers of CPF on neurodevelopment.
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