Chapter 7

Neuroimmune Effects of Developmental
TCE Exposure

Sarah J. Blossom

Abstract Exposure to certain chemical, biological or physiological risk factors
prior to adulthood can alter developmental processes and may in some instances
enhance disease risk. This chapter will concentrate on the known effects of expo-
sure to trichloroethylene (TCE) during gestation, lactation, and/or early life on the
brain and immune system and discuss how this persistent environmental pollutant
may impede immunologic and neurologic development to promote developmental
pathology. Possible neuroimmune mechanisms and therapeutic interventions to cir-
cumvent the neurotoxic and adverse neurobehavioral effects of developmental TCE
exposure are proposed.
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7.1 Neurologic and Immunologic Sensitivity
to Environmental Exposures During
Developmental Periods

The effects of environmental toxicant exposures occurring during fetal development
and early life has become an important research focus based on a fetus/child’s
unique exposure patterns. There is strong evidence to suggest that humans at early
stages of development may be more susceptible to environmental exposures than
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adults. This differential sensitivity is due, in part, to the fact that key developmental
processes (e.g., cellular maturation, differentiation and organ development) occur
primarily during gestation and postnatally rather than during adulthood.

Humans develop in various stages spanning throughout gestation and postna-
tally. Human gestational development includes three general stages; peri-conception
(2 weeks post-fertilization), embryogenesis (3—7 weeks post conception), and the
fetal growth period (8-38 weeks gestation) (Fetal Growth and Development 2010).
Postnatally, the neonatal period extends from birth to 1 month. Infancy begins at
1 month and continues to approximately 2 years of age. Childhood begins at 2 years
of age and lasts until adolescence. The onset of the adolescent age is extremely vari-
able but typically begins at around 12-13 years of age and ends with the beginning
of adulthood (~18 years of age). Aging or senescence is characterized by changes in
immunologic and neurological processes over time including a generalized decline
in function and activity (McEwen and Morrison 2013; Wong and Goldstein 2013).
Generally speaking, most major organ systems fully develop during embryogenesis.
The heart, for example, is fully formed by 8 weeks gestation in humans (Bogin
1999). In contrast, the brain and immune system have extensive developmental
growth periods that begin during gestation and continue postnatally well into child-
hood (Bayer et al. 1993; Dietert 2008). Therefore, this extended period of immuno-
logic and neurologic development may increase the likelihood of negative effects
due to toxic environmental exposures.

7.2 Developmental TCE Exposure

Most epidemiological studies of TCE toxicity have focused on adult occupational
exposure since it is relatively easy to document and often involves relatively high
level exposure. In humans the occupational 8 h exposure limit for TCE is 100 ppm
or approximately 80 mg/kg/day (A.T.S.D.R.U.S 1995). Human exposure to TCE
can occur at low levels in instances of environmental contamination. Aside from
occupational exposure, the most common source of human exposure includes inges-
tion of contaminated drinking water (A.T.S.D.R.U.S 1995). Although TCE levels in
water systems are generally monitored, TCE levels in private wells that comprise
10 % of US drinking water supply are often unknown. In addition, exposure to TCE
may be elevated for people living near waste facilities where TCE is released, resi-
dents of urban or industrialized areas, or individuals using TCE-containing
products.

Although adult exposure to TCE has received the most attention, human contact
with TCE can occur at all stages of life. TCE and its metabolites can cross the pla-
centa and reach the developing fetus. The United States Environmental Protection
Agency has identified quantification of TCE in breast milk as a high priority need
for risk assessment. Due to its lipophilic nature, TCE can accumulate in the breast
milk (Pellizzari et al. 1982). It is possible that a nursing infant whose mother is
exposed to the occupational exposure limit for TCE could receive greater than 80 %
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of the daily limit advisable for lifetime exposure for adults (Fisher et al. 1997). In a
recent study conducted in a TCE-contaminated area in Nogales, Arizona, TCE was
detected in 35 % of the mothers' breast milk samples with the maximum concentra-
tion of 6 ng/ml (Beamer et al. 2012). Because TCE concentration in the breast milk
was significantly correlated with the concentration in household water, TCE expo-
sure is also a potential concern for bottle-fed infants who also ingest more water on
a bodyweight basis than adults. In addition to infants, TCE exposure has been docu-
mented in school-aged children. The School Health Initiative: Environment,
Learning, and Disease (SHIELD) study, studied school-age children from two
inner-city schools in Minneapolis, MN. Samples obtained from the home as well as
personal samples using organic vapor monitors attached to the clothes in the breath-
ing zone of the child to detect TCE vapors reached the level of detection in approxi-
mately 7 % of subjects 610 years of age (Adgate et al. 2004; Sexton et al. 2005).
Together these studies confirm that children are exposed to TCE at multiple levels
during development.

In terms of functional consequences, studies of mothers exposed to TCE occupa-
tionally or in instances of industrial spills have documented increased adverse birth
outcomes including low birth weight and cardiac defects (Forand et al. 2012).
Although epidemiologic studies have typically focused on birth outcomes, other
health effects not studied as extensively may manifest from maternal or early-life
exposure.

7.3 Developmental Neurotoxicity of TCE

One system known to be vulnerable to environmental exposures during develop-
mental periods is the central nervous system (CNS). While outside of the focus of
this chapter, the development of the brain and its cellular components is a complex
process that that extends across the lifespan. The CNS begins to develop during the
early embryonic period and continues well into postnatal life. During the third tri-
mester in humans the hippocampal region of the brain involved in learning and
memory undergoes a dramatic increase in size and synaptic plasticity by the end of
the second postnatal week (Dumas and Foster 1998; Dumas 2005). In the hippo-
campus, neuronal migration, cell proliferation, and synapse formation continue
postnatally from birth through 3 years of age. The process of myelination that
involves the development of cellular insulation around nerve fibers continues well
into childhood (Rice and Barone 2000). Neurogenesis continues to occur through-
out adulthood, albeit to a lesser degree as compared to early development (Semple
et al. 2013). In humans, microglia, which are a group of monocyte-derived cells
associated with immune and macrophage-like properties, colonize the brain as early
as the mid-late trimester (Harry and Kraft 2012). This event corresponds to vascu-
larization, neuronal migration, and myelination. Postnatally, microglia, as well as
neuronal and glial cells, continue to disseminate and mature into all regions of the
brain including cerebellum and hippocampus (Ponti et al. 2008). Taken together, the



134 S.J. Blossom

dynamic nature and cellular plasticity of the brain throughout gestational and post-
natal development and beyond is well established. This unique feature undoubtedly
enhances its susceptibility to environmental influences to toxicants like TCE.

TCE was once used as an anesthetic at doses of around 2,000 ppm. Consequently,
significant information is available on the acute neurotoxicity of high-level TCE expo-
sure and its metabolites on the brain. A comprehensive assessment of adult neurotox-
icity with occupational exposure to TCE in humans and acute, high-level doses in
rodents was reviewed in the National Academy of Sciences document and will not be
repeated here (Chiu et al. 2006). As far as human populations exposed to lower levels
of TCE, one study reported that environmental TCE exposure through consumption
of contaminated drinking water by residents living near the TCE-contaminated Rocky
Mountain Arsenal Superfund site was associated with higher mean scores for depres-
sion, lower intelligence scores, and impaired memory recall, as compared to individu-
als who did not ingest contaminated water (Reif et al. 2003). Overall, less is known
about chronic and/or lower dose exposures on the developing neurologic system
(Laslo-Baker et al. 2004; Till et al. 2001a, b). One study found that subjects who were
children at the time of TCE exposure by contaminated well water had enhanced cog-
nitive deficits over subjects exposed as adults (White et al. 1997) More recently, stud-
ies have shown that children of mothers working with TCE who were exposed both
gestationally and postnatally through lactational exposure had poorer visual acuity, as
well as impaired motor coordination and behaviors characterized by inattention and
hyperactivity (Laslo-Baker et al. 2004; Till et al. 2001a, b).

Experimental studies of developmental TCE-induced neurotoxicity in rodents
have focused on adverse effects in the hippocampal region of the brain. In two
reports, selective hippocampal damage was documented in rodents exposed devel-
opmentally to ~16-32 mg/kg/day of TCE via the drinking water. Both combined
prenatal and neonatal, as well as neonatal-only exposure was associated with a
decrease in myelinated fibers in the CA1 region of the hippocampus at weaning age
(Isaacson et al. 1990). Other studies have reported significant changes in neuronal
plasticity in hippocampal slices in vitro with TCE exposure (Altmann et al. 2002;
Ohta et al. 2001). Although the exact nature of TCE’s mode of action in the brain is
not understood, studies in our lab found that TCE-induced alterations in metabolic
pathways important in the control of oxidative stress and cellular methylation rep-
resent an important feature of developmental TCE-induced neurotoxicity (Blossom
et al. 2008, 2012, 2013).

7.4 TCE and Neurologic Redox Imbalance and Oxidative
Stress During Development

The cellular maturational processes that occur in the brain during gestation through-
out early life increase the need for cellular oxygen, which can result in enhanced
free radical and reactive oxygen species (ROS) production leading to an increased
sensitivity to cellular damage and oxidative stress. To compensate for this
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vulnerability, the brain utilizes mechanisms involving the glutathione system to
restore redox balance and combat oxidative stress. The tripeptide glutathione (y-L-
glutamyl-L-cysteinylglycine) derived from the transsulfuration pathway functions
as the major intracellular antioxidant against oxidative stress and plays an important
role in the detoxification of reactive oxygen species (ROS) in the brain (Biswas
et al. 2006; Jain et al. 1991). Additional insults such as pro-oxidant environmental
exposures have the potential to enhance an already sensitive redox imbalance by
decreasing the active form of glutathione (GSH) and increasing the inactive oxi-
dized disulfide form (GSSG) leaving the cell vulnerable to oxidative damage.

Alterations in glutathione redox potential have been shown to modulate the fate
of oligodendrocyte precursor cells and maturing cortical neurons in the fetus (Maffi
et al. 2008; McLean et al. 2005). This suggests that altered brain redox status and
increased oxidative stress resulting from pro-oxidant environmental exposures,
including toxicant exposures, could hinder neural development and promote behav-
ioral pathology. Therefore, maintenance of redox status by restorative glutathione
levels in the brain is a critical protective mechanism during developmental periods
where the brain is more vulnerable to oxidative stress. The clinical significance of
these studies is underscored by the presence of altered redox regulation and oxida-
tive stress biomarkers in patients with neurologic disorders including Parkinson’s
disease (Mythri et al. 2011) Alzheimer’s disease (Butterfield et al. 2006) and autism
(James et al. 2004; Sajdel-Sulkowska et al. 2011).

In an effort to determine whether TCE impairs glutathione redox imbalance and
promotes oxidative stress during developmental periods, our laboratory conducted
studies with the MRL+/+ strain of mice. MRL+/+ mice are “autoimmune-prone”
but also develop several behavioral deficits and neuropathological changes with age
and are considered to be a model of idiopathic neurological lupus (Sakic 2012;
Kapadia et al. 2012; Marcinko et al. 2012). In addition, the MRL+/+ strain has been
recently identified as a novel model to study hippocampal neurogenesis. MRL+/+
mice apparently display an enhanced response to pharmacologic agents that target
neuroplasticity in the hippocampus over the response observed in non-autoimmune
C57BL/6 mice (Balu et al. 2009; Hodes et al. 2010). Therefore, this strain of mice
may represent a unique and relevant mouse model to examine the neurological
impact of TCE exposure.

In the MRL+/+ mouse model, our lab demonstrated that exposure to TCE in the
drinking water from birth (postnatal day 0) through early adulthood (postnatal day 42)
caused decreased levels of glutathione and an increase in the reduced glutathione
(GSH) to oxidized glutathione (GSSG) ratio in both hippocampus and cerebellum
indicating cellular redox imbalance (Blossom et al. 2012, 2013). These metabolic
changes were accompanied by alterations in the inter-related transmethylation path-
way metabolites in the plasma. Figure 7.1 shows the folate-dependent interrelated
methionine transmethylation and transsulfuration pathways involved in redox
potential cellular methylation. Arrows in the figure demonstrate the effect of TCE
(increased or decreased) on key pathway metabolites in plasma, hippocampus, and
cerebellum. Also observed in cerebellum, but not hippocampus, was a global
decrease in DNA methylation. This finding may implicate potential epigenetic
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Fig. 7.1 Folate-dependent methionine transmethylation and transsulfuration pathways involved in
redox potential and cellular methylation. Block arrows show the impact of postnatal exposure on
the metabolite

mechanisms in TCE neurotoxicity. The decreased methionine observed with TCE
exposure could indicate a decrease in methyl donors available for cellular methyla-
tion events which may have wide-ranging and long-term impacts on behavior.

7.5 Behavioral Changes Associated with Developmental
TCE Neurotoxicity

Due to the observed TCE-related effects in cerebellum, a brain region functionally
important for coordinating motor activity, including exploratory and social approach
behaviors, we examined behavioral parameters using the EthoVision™ video track-
ing system from Noldus Information Technology (Leesburg, VA). MRL+/+ mice
exposed to 28 mg/kg/day postnatally until 6 weeks of age showed significantly
increased locomotor activity in the open-field test, as well as increased novelty/
exploratory behavior in the novel object/novel mouse testing paradigm (Blossom
et al. 2013). Studies by others found that unlike MRL+/+ mice, CD-1 mice exposed
to much higher levels of TCE (2,000-8,000 ppm via inhalation) for 6 days in utero
did not demonstrate decreased motor activity (Jones et al. 1996). However, TCE
levels at this range reach doses that are associated with its anesthetic properties even
though the authors did not report a decline in motor function as would be expected.
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The discrepancy between the results of these studies and ours could be explained by
a number of factors including route of exposure, developmental exposure period,
duration of exposure, and strain differences. Thus, the presence of attention deficits
and increased hyperactivity with gestational TCE exposure that has been reported in
humans points to the relevance of the MRL+/+ model for studying TCE-induced
developmental neurotoxicity (Laslo-Baker et al. 2004; Till et al. 2001a, b).

7.6 Effects of Early Postnatal TCE Exposure
on Gene Expression in the Brain: Possible Role
of Neuroprotective in the Control of Oxidative Stress

From a functional standpoint, redox imbalance, impaired methyl metabolism and
epigenetic mechanisms could impact key cellular processes including gene expres-
sion in the brain. In particular, epigenetic mechanisms are important for the func-
tional expression of neurotrophic genes (Branchi et al. 2011; Fuchikami et al. 2011;
Roth et al. 2011). Changes in the expression of these genes can lead to impaired
behavior (Chestnut et al. 2011; Lubin et al. 2008; Numata et al. 2012). Neurotrophic
factors including Brain Derived Neurotrophic Factor (BDNF), Nerve Growth Factor
(NGF), and Neurotrophin-3 (NT-3) are classically recognized as important media-
tors of neural growth and plasticity promoting neuronal survival and differentiation
(Reichardt 2006). Emerging evidence suggests that neurotrophic factors can main-
tain control of inflammation in the brain by regulating glutathione redox status
(Kapczinski et al. 2008; Sable et al. 2011; Wu et al. 2004). Developmental exposure
to the solvent, toluene increased biomarkers of oxidative stress and decreased neu-
rotrophic factors leading to neuroinflammation (Win-Shwe et al. 2010). Similar
findings in offspring with mouse models of maternal infection have been demon-
strated (Pang et al. 2010). Along this line, antioxidant therapy increased BDNF
levels in hippocampus (Xu et al. 2011) and in neurodevelopmental disorders of the
CNS, including autism, oxidative stress appear to be linked to the loss of neuro-
trophic support (Sajdel-Sulkowska et al. 2009, 2011). Thus, normal functioning of
the brain appears to involve a positive feedback loop between anti-oxidant pro-
cesses and neurotrophic expression and function in response to pro-oxidant
exposures.

Our lab reported that hippocampal tissue from mice exposed to TCE postnatally
expressed lower levels of key neurotrophic factors (e.g., BDNF, NGF, and NT-3)
relative to controls confirming the experimental link between impaired redox sta-
tus, increased oxidative stress with a decrease in neurotrophins observed in our
model (Blossom et al. 2012). Based on these intriguing results, we extended our
study to include an analysis of gene expression in cerebellum from TCE-treated
MRLA+/+ mice. We expanded the study to include functionally important gene fam-
ilies that might be impacted by TCE including chemokines/receptors, cytokines/
receptors, astrocyte/microglial specific markers, and neurotrophins and receptors.
Fluorescence-based quantitative real-time PCR (qRT-PCR) was conducted using
methods previously described (Blossom et al. 2012). Gene expression changes in
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Table 7.1 qRT-PCR was performed using hippocampus and cerebellum samples from 6 mice per
treatment group collected at postnatal day 42

Gene family Gene name Hippocampus  Cerebellum
Chemokines Chemokine (C-C motif) receptor 2 NC NC
(CCR2)
Chemokine (C-C motif) ligand 2 NC NC
(MCP-1)
Chemokine (C-C motif) ligand 3 NC NC
(MIPI-a)
Chemokine (C-C motif) ligand 4 NC 2.7°
(MIP1-p)
Astrocyte marker Glial fibrillary acidic protein (GFAP) —1.4* -2.1°
-1.7*
Microglial activation Allograft inflammatory factor 1 —1.4° -1.6°
(Iba-1)
Neurotrophins/receptors ~ Brain derived neurotrophic factor —2.5b¢ -2.5°
(BDNF)
Neurotrophin 3 (NTF3) —1.8b¢ NC
Nerve growth factor (NGF) —1.9b¢ NC
Neurotrophic tyrosine kinase, NC NC
receptor type I (7rkA)
Neurotrophic tyrosine kinase NC NC
receptor, type 2 (TrkB)
Neurotrophic tyrosine kinase -2.0° —4.22
receptor, type 2 (TrkC) -3.5°

Numbers in the table represent fold change (increase or decrease) difference in gene expression
NC indicates no difference in gene expression between TCE and control mice. N compared with a
standardized control sample

aStatistically different (0.01 mg/ml TCE vs. control)

"Statistically different (0.1 mg/ml TCE vs. Control)

°Some results have been published previously

both hippocampal and cerebellar tissues from individual mice (n=6/treatment
group) were compared among mice exposed to TCE (0, 2, or 28 mg/kg/day) from
postnatal day 1-42. Interestingly, ~50 % of the genes evaluated in the hippocampus
were significantly down regulated, as compared with no significant change, with
the highest dose of TCE treatment relative to controls (Table 7.1). Expression of
glial fibrillary acidic protein (GFAP), a marker associated with astrocyte differen-
tiation was significantly decreased in hippocampal tissue isolated from TCE
exposed mice (1.4-fold and 1.7-fold; 2 and 28 mg/kg/day, respectively). It is note-
worthy to mention that neurotrophins play an important role in maturation of neu-
rons and glial cells (Abe et al. 2010). Thus, the decrease in neurotrophic factors
may represent a plausible explanation for the decreased expression GFAP. Further
study to address this question is necessary in order to fully understand develop-
mental neurotoxicity of TCE.

Similarly, in the cerebellum, ~41 % of the genes examined were significantly
down regulated in TCE-treated mice (higher dose) relative to control as compared
with no change relative to control values. TrkC, the receptor for the neurotrophin,
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NGEF, was also down regulated in the low TCE exposure groups. Collectively, our
data supports an inverse association between increased oxidative stress and altered
methyl metabolism with decreased expression of neurotrophic genes and their
receptors. A positive correlation between increased oxidative stress and expression
of proinflammatory markers would be expected. Studies to explore the proinflam-
matory cytokines expressed by cultured and activated microglial cells in mice
developmentally exposed to TCE are currently underway in our laboratory, and
could provide insight and possible mechanisms concerning the role of proinflamma-
tory cytokines in TCE-induced neurotoxicity.

Opposed to all other genes tested, the highest dose of TCE significantly increased
expression of MIP-1f, but not other important chemokines, relative to controls in
the cerebellum. MIP-1f is a chemokine that is expressed in epithelial cells impor-
tant in regulating traffic of recently activated peripheral T cells across the blood
brain barrier (BBB) during inflammation. The functional implication of this finding
is not known, but methylmercury exposure has been shown to selectively increase
expression of MIP-1p, but not other chemokines, in the cerebellum of mice
(Lee et al. 2012). It is possible that TCE and methylmercury alter a common path-
way that increases the production of this chemokine in the cerebellum possibly
leading to impaired blood brain barrier permeability and enhanced neuroinflamma-
tion and/or oxidative stress. This mechanism has not yet been tested in our model,
but may represent a plausible mechanism, together with the decrease in neuropro-
tective factors, leading to effects observed following developmental TCE exposure.
Collectively, based on our evidence, many of these neurologic events could repre-
sent an effect downstream of TCE’s ability to promote immune hyperactivity fol-
lowing developmental exposure as demonstrated by our lab.

7.7 Increased Susceptibility of Developing Immune
System to Toxicity

The role of developmental immunotoxicity in the etiology of childhood disease is
becoming an important public health concern. The immune system has several well-
characterized age-specific developmental stages. The major maturational events
occurring during immune system development in humans includes (1) hematopoi-
esis (gestational week 8—10), (2) stem cell migration and cellular expansion (gesta-
tional week 10-16), (3) colonization of the bone marrow and thymus (gestational
week 16-birth), (4) maturation to imunocompetence (birth to 1 year), and (5) estab-
lishment of immunologic memory (1-13 years) (Dietert 2008).

There is increasing evidence that the developing immune system is more sensi-
tive to toxicant exposure than the adult immune system. More severe effects tend to
occur at lower doses and often persist into adult life (Dietert and Piepenbrink 2006).
Examples of the more commonly studied developmental suppressive immunotoxi-
cants that induce more severe or persistent immune effects in offspring include the
heavy metals (e.g., lead), polycyclic hydrocarbons (e.g., benzo [a] pyrene) and
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polyhalogenated hydrocarbons (dioxin). A recent review compared early life vs.
adult exposure to several immunosuppressive chemicals including lead and tribu-
tylin in animal models (Luebke et al. 2006). In all cases, sensitivity was greater if
exposure occurred during development. In fact, immune suppression in develop-
mentally exposed offspring often occurred at doses that did not alter adult immune
responses.

The immune system’s extended period of maturation may leave it especially vul-
nerable to environmental influences. Thus, in this way, the immune system is simi-
lar to the developing brain in terms of vulnerability to environmental insults.
Developmental sensitivity to toxicants has also been demonstrated in humans. For
example, prenatal exposure to polychlorinated biphenyls decreased the immune
response to standard immunizations (Heilmann et al. 2010). Prenatal exposure to
polybrominated diphenyl ethers produced a persistent decrease in lymphocyte num-
bers (Leijs et al. 2009). These studies focused on the ability of toxicants to promote
immunologic hyporesponsiveness. Aside from immune suppression, there is
increasing evidence that adult onset autoimmune disease can be triggered by pre-
and early post-natal toxicant exposure (Colebatch and Edwards 201 1; Langer 2010).
Children continuously exposed for 3—19 years beginning in utero to a water supply
contaminated with solvents (including TCE at levels reaching 267 ppb) had altered
ratios of T cell subsets and early signs of tissue inflammation (Gist and Burg 1995).
Human TCE exposure was associated with a proinflammatory IFN-y CD4* T cell
response in cord blood isolated from neonates (Lehmann et al. 2002). Thus, unlike
the majority of immunotoxicants which tend to suppress the immune system, TCE
promotes T cell hyperactivity and proinflammatory responses.

7.8 Immunotoxicity with Developmental TCE Exposure
in MRL+/+ Mice

Our lab and others have conducted several studies concerning the immunostimula-
tory effects of TCE in MRL+/+ mice (Griffin et al. 2000a, b; Khan et al. 1995).
Adult female MRL+/+ mice exposed to TCE (0.5 mg/ml) developed autoimmune
hepatitis. This pathology was accompanied by expansion of activated (CD62L!)
CD4+ T cells that secreted increased levels of the proinflammatory cytokine, IFN-g.
Based on the increased sensitivity to toxicants by the developing immune system,
our lab used the MRL+/+ mouse model to examine the effects of continuous devel-
opmental and early life exposure (gestation through ~6-8 weeks of age) to a sub-
stantially lower dose of TCE.

Studying the impact of developmental exposure to different concentrations of
TCE is a lengthy and complex process involving multiple breeding pairs. As a first
step most likely to demonstrate efficacy, the effects of continuous (gestational
throughout adulthood) TCE exposure was examined. This developmental expo-
sure to TCE (126 mg/kg/day) calculated from maternal and direct water consump-
tion increased the production of IFN-y by CD4* T cells from the pups as early as
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4 weeks of age (Blossom and Doss 2007). TCE exposure also impacted the thy-
mus, the site of T cell development, as early as postnatal day 20, causing an
increase in thymus cell numbers as well as an increase in the percentage of mature
(CD24") single-positive CD4* T cells indicating increased maturational events in
the thymus. In a subsequent study, mice continuously exposed to a 5-25-fold
lower, more environmentally-relevant dose of TCE showed similar thymus and
CD4* T cell IFN-y responses in 6 week old mice (Blossom et al. 2008). In addi-
tion, TCE enhanced CD4* T cell TNF-a production in these mice. TNF-a is an
inflammatory cytokine secreted by activated T cells and macrophages that plays
an important role in many pathological conditions including neurologic disorders.
Together these findings suggest that a continuous developmental exposure alters
the threshold (decreases the concentration or exposure-time) for TCE-induced T
cell hyperactivity.

Other investigators reported that a continuous gestational and early-life exposure
to 14,000 ppb TCE in the drinking water of non-autoimmune mice induced signifi-
cantly increased T lymphocyte-mediated delayed-type hypersensitivity (DTH)
responses, decreased antibody-mediated responses, and enhanced thymus cellular-
ity in 8 week old mice (Peden-Adams et al. 2006). This group also reported that
“life-time” exposure to TCE did not increase the level of anti-dsDNA antibodies in
female MRL+/+ mice (Peden-Adams et al. 2008). Their assessment did not start
until the mice were 4 months of age, however; a time point at which constitutive
production of autoantibodies in untreated MRL+/+ mice can obscure a TCE-induced
effect. In addition, since that study was confined to lupus-associated autoantibodies,
the effects of lifetime TCE exposure on other types of disease (e.g. autoimmune
hepatitis), are unknown.

7.9 Increased Susceptibility of Developing Brain
to Neurotoxicity by Peripheral Immune Activation
as a Mechanism for TCE’s Effects in the Brain

There is emerging evidence that altered neuroimmune mechanisms might play a
role in the development of certain neurologic disorders. The brain, once thought
to be an immune privileged site, allows small molecules (e.g. cytokines) and lym-
phocyte trafficking in healthy individuals for immune surveillance during infec-
tion or immune responses to a CNS injury (Schwartz et al. 1999). This passage is
tightly controlled and regulated by the blood brain barrier (BBB). The BBB pro-
vides diffusion restraint in order to control ionic gradients between blood and
cerebrospinal fluid (Bito 1969). This restraint is provided by tight junctions
located in the BBB interface. The BBB in the embryo, fetus, and newborn is
believed to be immature and has been described as poorly formed, “leaky.” or
even absent (Siegenthaler et al. 2013). Thus a certain level of “cross talk” between
the brain and the peripheral immune system occurs during both developmental
periods and during adulthood.
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During development, an emerging role for peripheral T cells in regulating nor-
mal neuronal differentiation and synaptic plasticity has been described
(Ziv et al. 2006). In contrast to the positive effect of low level immune interaction in
the brain, inflammatory conditions at sites outside of the CNS can lead to neuro-
logic disorders. One of the best characterized peripheral inflammatory insults in this
context is maternal and early-life infection. In humans, maternal infection has been
linked to autism (Atladottir et al. 2012) attention deficit hyperactivity disorder
(ADHD) (Mann and McDermott 2011) and adult-onset schizophrenia in the off-
spring (Anderson and Maes 2013; Khandaker et al. 2013). Several pieces of evi-
dence in rodent models of linking maternal infection using live virus, viral mimics,
the bacterial endotoxin, lipopolysaccharide, and selected inflammatory cytokines
with adverse neurologic outcome in the offspring occurring later in life support this
human evidence (reviewed in Meyer 2013). Mechanisms for these effects are cur-
rently being explored. However, recent evidence suggests that developmental LPS
exposure alters neurotrophic factors leading neurobehavioral alterations similar to
what is observed in our model (Xu et al. 2013a, b). Whether or not developmental
exposure to environmental toxicants, like TCE, that promote immune hyperactivity
mediate neurologic effects in a similar manner have not been examined.

7.10 Neuroimmune Impact of TCE and Implications
for Neurodevelopmental Disorders

A mechanism involving the pro-inflammatory effect of TCE on the peripheral
immune system during developmental periods may be an important consideration
in the etiology for some neurologic disorders including autism and ADHD. One
specific set of initiating or triggering events in these disorders may involve the
immune system. Onore, et.al., indicated in a recent review that sufficient evidence
was available to implicate altered immune responses in autism (Onore et al. 2012).
There is plenty of supportive evidence of neuroinflammation and oxidative stress
in the brains of autistic children involving a marked increase of the inflammatory
chemokines together with reduced neurotrophic support (James et al. 2004; Sajdel-
Sulkowska et al. 2009, 2011; Ashwood and Wakefield 2006). Thus, many of the
characteristics observed in our mouse model of TCE exposure mirror what is
observed in autism. One additional compelling link between our model and autism
is the association of this disorder with autoimmunity with more than 40 % of autis-
tic children having two or more first-degree family members with an autoimmune
disease (Sweeten et al. 2003). The association between autism and parental auto-
immunity was recently confirmed in a case-control study (Money et al. 1971).
Serological evidence of autoimmunity in the form of anti-brain antibodies have
been detected in both mothers of autistic children as well as in the children them-
selves (Braunschweig et al. 2013; Nordahl et al. 2013; Bauman et al. 2013;
Fox et al. 2012). In terms of TCE and neurodevelopmental disorders, one epide-
miologic study highlighted the possibility that maternal TCE exposure may be an
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environmental risk factor for autism (Windham et al. 2006). This study reported
increased incidence of autism in children living in areas with the highest quartile
(25 %) of TCE in air using EPA HAPS data. Although this linkage needs to be
confirmed by a larger more quantitative study, it raises an intriguing possibility that
developmental TCE exposure may be a risk factor for the development of autism.
We reported and increased exploratory and motor activity in developmentally
exposed offspring (Blossom et al. 2013). At this time, studies to address the link-
age between TCE exposure and ADHD in humans have not been conducted. The
possibility of this association is underscored by reports in the literature showing
hyperlocomotor and increased exploratory effects with perinatal alcohol exposure
(Brady et al. 2012; Schneider et al. 2011). Both alcohol and TCE share an impor-
tant metabolite, acetaldehyde. The system that transforms ethanol to acetaldehyde
is even more robust in the perinatal rodent, and acetaldehyde itself is capable of
enhancing motor activity (March et al. 2013). Thus, the presence of attention defi-
cits and hyperactivity in association with developmental exposure to TCE needs to
be studied further.

7.11 Neuroimmune Mechanisms and Future Directions

Collectively our findings demonstrate that developmental exposure to TCE pro-
moted increased maturation of T cells in the thymus, T cell hyperactivity, and
increased production of proinflammatory cytokines in association with neurobehav-
ioral alterations. We observed increased locomotor activity and increased novelty/
exploratory behavior with TCE exposure. These effects were associated with neural
alterations in metabolites in the transsulfuration and transmethylation pathways
indicating redox imbalance and altered methylation capacity (Blossom et al. 2008,
2012, 2013; Blossom and Doss 2007).

The neurologic effects of TCE could be a result of a direct effect of TCE and
its metabolites in the brain. One potential mechanism may involve the activity of
TCE’s reactive metabolite trichloroacetaldehyde hydrate (TCAH). TCE is
metabolized primarily by the cytochrome P-450 s isoform CYP2EI to a trichlo-
roethylene oxide intermediate, which spontaneously rearranges to form TCAH.
TCAH is a highly reactive aldehyde that has been proposed to spontaneously
condense with the biogenic amine tryptamine to produce an alkaloid-type neuro-
toxin (Bringmann and Hille 1990). Our lab has extensively studied the ability of
TCAH to form adducts with T cells and promote their activation in vitro and in
vivo (Blossom et al. 2004, 2007). The ability of reactive aldehydes (i.e., from
ethanol metabolism) to inhibit methionine synthase activity and subsequently
lower glutathione has been documented (Waly et al. 2004, 2011). Decreased
methionine synthase activity would therefore result in an accumulation of SAH
and inhibition of SAM, and a depletion of GSH similar to what is observed in our
model. Therefore it is plausible to hypothesize that TCE, via TCAH, acts in a
similar manner.
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Fig. 7.2 Proposed mechanism. Activated CD4+ T cells from TCE-treated mice may cross a compro-
mised blood brain barrier and promote inflammatory/oxidative stress which could dysregulate neuro-
nal cells or astrocytes leading to adverse behavior. (Illustration courtesy of Mr. Dustyn A. Barnette)

One other attractive hypothesis that will be investigated further is that adverse
neurologic and neurobehavioral effects may be secondary to the early effects of TCE
on CD4+ T cells in early life following developmental exposure. We reported that
TCE enhances thymic T cell maturation and CD4* T cell -oxidant activation (at post-
natal day 20-28) in MRL+/+ mice. In contrast, the neurologic effects were only
evident 6 weeks of age. It is therefore plausible that activated peripheral CD4* T cells
and/or the cytokines they produce cross the BBB that may already be in a fragile state
due to direct effects of TCE or metabolites or possibly by increased cerebellar
MIP1B. The cytokines/cells cross the BBB to promote generalized inflammation and
decrease the production of neurotrophins which leads to impaired redox status and
methylation potential and increased oxidative stress resulting in abnormal behavior.
The decrease in neurotrophic factors may also be a consequence of impaired DNA
methylation based on our metabolic profile The role of peripheral T cells in adverse
neurobehavior could be easily tested in CD4* T cell depleted mice. This possible
scenario is depicted in Fig. 7.2.

Evidence to support our hypothesis is strengthened by emerging evidence that
altered neuroimmune mechanisms might play a role in the development of certain
neurologic disorders. The brain, once thought to be an immune privileged site,
allows small molecules (e.g., cytokines) and CD4* T cell trafficking in healthy
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individuals for immune surveillance during infection or immune responses to a
CNS injury (Schwartz et al. 1999). This passage is tightly controlled and regulated
by the blood brain barrier (BBB). The BBB provides diffusion restraint in order to
control ionic gradients between blood and cerebrospinal fluid (Bito 1969). This
restraint is provided by tight junctions located in the BBB interface. The BBB in the
embryo, fetus, and newborn is immature and has been described as poorly formed,
leaky, or even absent (Siegenthaler et al. 2013). Thus a certain level of so-called
“cross-talk” between the brain and the peripheral immune system occurs during
developmental periods in particular.

Pivotal work has shown that mice deprived of mature CD4* T cells (but not B
cells or CD8* T cells) manifested hippocampal-dependent cognitive defects and
behavioral abnormalities that were reversed by replenishing T cells (Kipnis et al.
2012; Marin and Kipnis 2013). A later study found that at the interface between the
BBB, the epithelial layers of the choroid plexus are populated with CD4* T cell
effector memory cells with a T cell receptor repertoire specific to CNS antigens
(Baruch and Schwartz 2013; Baruch et al. 2013). This type of immunological con-
trol may be lost as a normal part of aging/senescence leading to cognitive decline.
As far as development, an emerging role for peripheral CD4* T cells in regulating
normal neuronal differentiation and synaptic plasticity has been described (Ziv
et al. 2006). Despite these intriguing findings, the interactions between T cells and
microglia and/or neurons in the brain and what this may mean in neurodevelopmen-
tal disorders where immunological function is abnormal remains a mystery.

In contrast to the positive benefit of low-level immune interaction in the brain,
peripheral inflammation has been shown to contribute to the development of neuro-
logic disorders. One of the best characterized peripheral inflammatory insults in this
context is infection. In humans, maternal infection has been linked to ASD, ADHD,
and adult onset schizophrenia in the offspring (Atladottir et al. 2012; Mann and
McDermott 2011; Anderson and Maes 2013). Mechanisms for these effects are cur-
rently being explored in animal models (Meyer 2013). In humans, increased periph-
eral T cells in the brain of Alzheimer’s patients have been detected (Liu et al. 2010).
Whether developmental exposure to toxicants like TCE that promote CD4* T cell
hyperactivity and mediate neurologic and adverse behavioral effects in a similar
manner have not been examined.

Additional future experiments to address therapeutic strategies could involve
experiments designed to implement a dietary intervention to circumvent the neuro-
logic effects we observe in our model. Methyl-supplemented diets are designed to
provide increased amounts of cofactors and methyl donors to support methyl metab-
olism. The diet will most likely include B12 and folic acid; essential nutrients and
cofactors for the production of methyl groups, betaine; a methyl donor to regenerate
methionine, choline; an essential nutrient and precursor of betaine, zinc; a cofactor
for the mouse DNA methyltransferase and other key enzymes involved in DNA
methylation. The diet will provide more methionine which can (via cysteine)
increase glutathione production and through effects on SAM and SAH levels affect-
ing DNA methylation (Melnyk et al. 2011; Mosharov et al. 2000; Vitvitsky et al.
2006). Because available data do not indicate that increasing methionine levels will
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enhance glutathione levels sufficiently (Powell et al. 2010), N-Acetylcysteine
(NAC) will be added to the special diet at previously described levels (Filosto et al.
2011; Conaway et al. 1998; Parachikova et al. 2010). NAC is a thiol anti-oxidant
form of the amino acid cysteine and is used as a precursor of glutathione. These sets
of experiments could potentially lead to novel therapies with real clinical value.

The literature reporting enhanced risk of neurodevelopmental disease after early-
life insult to inflammatory insults is still evolving. We have used MRL+/+ mice to
model these associations in the context of TCE exposure, and have demonstrated
that these mice are sensitive to TCE’s neuroimmune effects. Expanding this work to
other strains of mice, including knockout mice, and other toxicants that may pro-
mote inflammation would truly further our understanding of how toxicant exposure
and inflammation increases the risk of neurodevelopmental brain disorders.
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