


Figure 2.5 Pre-weaning Mn

exposure effect on astrocyte

marker, GFAP. Mn

exposure altered levels of

GFAP in adult (PND 107)

rats compared to controls in

the prefrontal cortex medial

striatum, and nucleus Medial

accumbens. Lateral Striatum

(@) immunohistochemistry ~ Striatum Lateral ventricle

(IHC) images of increased
GFAP expression in
50mg/kg/d Mn-exposed
animals compared to control O

in the prefrontal cortex
(taken at 40X).

(b) diagram to demonstrate
different  striatal  areas
imaged (Paxinos and
Watson, 1998)

(c) IHC fluorographs of data
summarized in Table Il
IHC slides were prepared
and stained with three
animals/slide balanced by
treatment and
photographed at 20X
magnification (see text for BaEiCEIEIUEITIY
details). Scale bar = 100um. 448

GFAP. 25 mg/kg

Medial striatum
20X

Control BGFAP, 25 mg/kg
Accumbens 20X

GFAP, Control
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Table 2.1 Blood and brain Mn levels in PND 107 male rats. Pre-weaning
Oral Mn Exposure did not Result in Elevated Mn Levels in Blood or Brain
at PND 107. Pre-weaning Mn exposure increased Mn levels in blood and
brain in a dose-wise fashion at PND 24 (Kern et al., 2009). (WELCH
ANOVA p<0.0001). By PND 107, blood and brain Mn levels declined to
control levels in pre-weaning Mn exposed animals. Values are mean (

SE); n=10 rats per treatment. PND 24 data were previously reported in

Kern et al., 2009 (Ch 1). (*p<0.05, **p<0.01, based on Dunnetts post hoc
analysis).

Mn

dose (mg/kg) > Control 25mg/kg 50mg/kg
PND 24
Blood Mn levels (ng/mL) 45%9 135 6** 209 £ 11**
Brain Mn levels (ug/g) 0.43+0.01 0.84+0.05** 1.16+0.10**
PND 107
Blood Mn levels (ng/mL) 11+1.6 1M1+17 11+20
Brain Mn levels (ug/g) 0.35+0.02 0.33+0.01 0.31 £ 0.01
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Table 2.2 Pre-weaning Mn exposure effect on D1, D2, and DAT in adult
animals. Pre-weaning Mn exposure caused long-term alterations in
dopamine receptors at PND 107. Data in PND 24 animals are from Kern et
al. 2009, and are included for comparison. Values expressed as percent of
control group animals (n= 4-7 males/treatment). Protein levels were
determined using fluorescence immunohistochemical staining and a Zeiss
LSM 5 Pascal Laser Scanning Microscope, and quantified using
MetamorphTM software (see text for details). Values are average (+SE)
changes expressed as percent of average of all control animals in that brain
region (* p<0.05, ** p < 0.01, based on Dunnett's comparison with control
versus each Mn group).

Mn PND 24 PND 107
Brain Region dose > 25 50 25 50
D1 Pre-frontal cortex weak staining weak staining
Striatum 17" 54 * 9** 136 £ 15 114 +£13
Accumbens 8314 62 * 9* 158 + 19** 1288
D2 Pre-frontal cortex 200 + 37 429 + 37** 490220 820+ 150**
Striatum 123 £ 14 103 £ 12 120 £13 106 £ 13
Accumbens 134 +18 103 £ 20 1138 1039
DAT Pre-frontal cortex weak staining weak staining
Striatum 95+7 67 £11* 96 £ 13 103 %9
Accumbens 859 61 + 5* 106 £ 17 103 + 11
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Table 2.3 Pre-weaning Mn exposure altered expression of the astrocyte
activation marker GFAP in PND 24 and PND 107 animals. Data are relative
percent changes compared to controls in GFAP levels in prefrontal cortex,
medial and lateral striatum, and nucleus accumbens in PND 24 and PND 107
male rats. GFAP levels were determined using fluorescence
immunohistochemical staining and a Zeiss LSM 5 Pascal Laser Scanning
Microscope, and quantified using MetamorphTM software (see text for
details). Values are average (+SE) changes expressed as percent of average
of all control animals in that brain region (n = 4 — 7 animals/treatment; *
p<0.05, ** p < 0.01, based on Dunnett’'s comparison with control versus each
Mn group).

GFAP Mn PND 24 PND 107
Brain Region  dose> 25 50 25 50
Pre-frontal cortex 198 + 24** 204 £ 22** 159+24 264 + 36**
Striatum
lateral 113+19 11320 108 + 11 122 £ 19
medial 94 16 92+ 21 246 £15** 318 £ 31**
Accumbens 126 £ 19 7912 132+15 210 £ 47*
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Appendix: Pre-weaning Mn exposure effects on weight gain associated with

alteration of thyroid and growth hormone levels

The data presented in the appendix was not part of the design but was
collected as a result of the observed weight differences between treatments. As the
study proceeded, it became apparent that the Mn exposed neonates experienced a
decrease in weight gain compared to controls. Other studies with early Mn
exposures have shown decrease in weight gain as well, but there are no discussions
on what might be driving this effect (Dorman et al., 2000; Rehnberg et al., 1980;
Reichel et al., 2006). There are a few studies on the effects of elevated Mn exposure
on endocrine function as the pituitary and hypothalamus have significant
dopaminergic innervation, but there has yet to be an association with hormones
associated with weight gain and Mn exposure (Buthieau and Autissier, 1983; Lee et
al., 2007; Nishida and Kawada, 1992; Pine et al., 2005). What is known, is that
thyroid hormones T3 and T4 are synthesized in the thyroid gland and are essential
for normal CNS development (Bernal and Nunez, 1995; Chan and Kilby, 2000;
Gomes et al., 2001; Konig and Moura Neto, 2002). It is also known that dopamine is
an inhibitory modulator of thyroid stimulating hormone (TSH) (Soldin and Aschner,
2007). Soldin and Aschner, 2007 suggest that Mn alters neurodevelopment via Mn
disruption of DA control of TSH regulation leading to altered thyroid hormone levels
(Soldin and Aschner, 2007). Few studies investigate the potential link of Mn and
thyroid homeostasis in the developing animal.

Due to our findings on the decrease weight gain effects and literature of Mn

effects on the endocrine system, we decided to assess growth hormone (GH), TSH,
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and thyroid hormones T3 and T4. We found that neonatal Mn exposure caused a
decrease in growth hormone and increase in thyroid hormones T3 and T4 and TSH.
The tuberoinfundibular pathway is one of the four main dopamine pathways in the
brain that has direct influence on both growth hormone and thyroid hormone levels.
Knowing that Mn affects other dopamine pathways, it is possible that Mn effects on
the tuberoinfundibular pathway leads to alteration of these hormones leading to

decrease in weight gain.

Appendix Methods
Animals

Twenty-six primiparous pregnant Sprague-Dawley rats (gestational day 13 —
15) weighing 350 — 500g were purchased from Simonsen Laboratories (Gilroy, Ca.).
At parturition, the litters were examined, sexed and weighed, and culled to adjust
litter size to 10 pups composed of six male and three female pups per litter with one
extra pup to complete the litter. Treatments were balanced within each litter and
gender, and only one animal per litter/gender/treatment was used in an experimental
outcome. All animals were weighed daily throughout manganese (Mn) exposure and
at regular intervals thereafter. Animals were maintained on a reverse 12/12 hour
light/dark cycle throughout the duration of the study, and fed laboratory rat chow
(Harlan Teklad rodent chow #2018) and tap water ad libitum. All procedures related
to animal care conformed to the guidelines set forth in the Guide for the Care and

Use of Laboratory Animals (NRC 1996).
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Manganese Treatment

Neonate rats were orally exposed to Mn doses of 0, 25, and 50 mg Mn/kg/d
over postnatal day (PND) 1 — 21 as described in Chapter 1 Methods. Cohorts of
animals were sacrificed on PND 24 and PND 107 and blood was harvested for
hormonal analysis.

For plasma samples, animals were sacrificed via decapitation and whole
blood was collected into heparinized containers, transferred to microfuge tubes, and
then immediately spun at 4° C for 6 minutes at 1,500 rpm. The plasma was then
transferred to another microfuge tube and frozen at -80° C.

For serum samples, animals were sacrificed via exsanguination. Animals
were anesthetized with sodium pentobarbitol and cardiac puncture was performed to
collect blood in non-heparinized containers. Blood was allowed to clot overnight at 4°
C. Blood was then spun at 4,000 rpm for 30 minutes. Serum was collected and
stored at -80° C.

Levels of growth hormone (GH) and thyroid-stimulating hormone (TSH) were
measured using radioimmunoassays (RIAs) performed by Dr. A.F. Parlow of the
National Hormone and Peptide Program (NHPP), Harbor-UCLA REI.

Levels of triiodothyronine (T4) and thyroxine (T3) were measured using
chemiluminescence performed by the National Veterinary Diagnostic Services (Quail
Valley, CA.) and were run on an Immulite 1000. Controls (BioRad) were run every 20

samples. Samples were shipped overnight via dry ice.
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Data

A two-way analysis of variance (Two-way ANOVA) test was performed on
plasma GH and TSH values to investigate the effects of treatment groups and
gender. When there was no difference in hormone values between genders, genders

were then combined and a one-way ANOVA was performed to increase the power.
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Figure 3.1 Pre-weaning Mn exposure effect on body weight in PND 24
male rats. Body weights of male rats exposed to 0 (open triangles), 25
(closed squares), or 50 mg Mn/kg/d (closed triangles) daily from postnatal
day (PND) 1 through 21. Asterisks indicate body weights of the high-dose
treatment group were significantly lower for each day compared to controls
from PND 6 until PND 21 (One-way ANOVA for each day, p<0.05; Tukey-
Kramer post-hoc). Values are mean (+ SE), n= 32/treatment.
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Figure 3.2 Pre-weaning Mn exposure effect on body weight in PND 24
female rats. Body weights of female rats exposed to 0 (open triangles), 25
(closed squares), or 50 mg Mn/kg/d (closed triangles) daily from postnatal
day (PND) 1 through 21. Asterisks indicate body weights of the high-dose
treatment group were significantly lower for each day compared to controls
from PND 2 until PND 21(One-way ANOVA for each day, p<0.05; Tukey-
Kramer post-hoc). Values are mean (+ SE), n= 19/treatment.
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Figure 3.3 Pre-weaning Mn exposure effect on growth hormone. (a) Plasma
growth hormone (GH) levels in PND 24 rats (combined male and female)
(F(2,32) = 3.67, p=0.04; n=12 per treatment). Rats exhibited a significant
difference in mean plasma GH levels between treatment groups, but not
genders (Two-way ANOVA, treatment p=0.05; gender p= 0.85; gender x
treatment intercept p= 0.67). (b) PND 107 rats (combined male and female)
exposed to Mn over PND 1 - 21. There was no effect of pre pre-weaning
manganese treatment on GH in PND 107 rats (F(2,17) = 0.07, p=0.93; n=7
per treatment). (Two-way ANOVA, treatment, p=0.96; gender,
p=0.86;gender x treatment intercept p= 0.79). Superscript letters above
bars, when shown, denote statistical differences between treatments (bars
with different letters are significantly different, ANOVA with Tukey post hoc,
p<0.05). Values are mean (+ SE).
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Figure 3.4 Pre-weaning Mn exposure effect on thyroid stimulating hormone.
(a) Plasma thyroid-stimulating hormone (TSH) levels in weanling PND 24 rats
(combined males and females) following daily manganese treatments over
PND 1 - 21. Superscripts indicate significant differences between treatments
(F(2,38) = 4.64, p=0.02, n=15 per treatment). (b) Plasma TSH levels in adult
PND 107 male (solid bars,F(2,14) = 3.91, p=0.04; n=6 per treatment) and
female (hatched bars, F(2,13) = 0.88, p=0.44; n=5) rats exposed to
manganese over PND 1 — 21. On PND 107, there was a significant difference
in plasma TSH levels between genders (Two-way ANOVA, p<0.0001) and
treatment groups (Two-way ANOVA, p= 0.02). No significant gender x
treatment interaction was found (Two-way ANOVA, treatment x gender
interaction, p= 0.10). Superscript letters above bars, when shown, denote
statistical differences between treatments and genders based on Tukey-
Kramer post-hoc test. Values are mean (£ SE).
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Figure 3.5 Pre-weaning Mn exposure effect on triiodothyronine in PND
24 rats. (a) Serum triiodothyronine (T3) levels in PND 24 males and (b)
plasma thyroxine (T3) levels in PND 24 females exposed to
manganese over PND 1 - 21. Males of the high-dose manganese
treatment group exhibited significantly higher T3 levels compared to
controls (F(2,33) = 4.14, p=0.02; n=12 per treatment). T3 levels in
females showed no treatment effect compared to controls (F(2,17) =
0.77, p=0.48; n=8 per treatment). Superscript letters above bars, when
shown, denote statistical differences between treatments based on
Tukey-Kramer post-hoc test. Values are mean (+ SE).

123



40 - @

3.5 B
3.0 - A A I
:EI 2.5 A I I
2 2.0 -
N 154
1.0
0.5
0.0 ‘
Control 25 mg/kg/d 50 mg/kg/d

Mn exposure

4.0, ®)

.

Control 25 mg/kg/d 50 mg/kg/d

3

Mn exposure

Figure 3.6 Pre-weaning Mn exposure effect on thyroxine in PND 24 rats. (a)
Serum thyroxine (T4) levels in PND 24 males and (b) plasma triiodothyronine
(T4) levels in PND 24 females exposed to manganese over PND 1 - 21. Males
of the high-dose Mn treatment group exhibited significantly higher T4 levels
compared to controls (F(2,35) = 3.60, p=0.03; n=12 per treatment). T3 levels
in females showed no treatment effect compared to controls (WELCH
ANOVA: F ratio = 8.82, DFNum (2), DFDen (10.17), p=0.06; n=8 per
treatment). Superscript letters above bars, when shown, denote statistical
differences between treatments based on Tukey-Kramer post-hoc test. Values
are mean (+ SE).
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Figure 3.7 Pre-weaning Mn exposure effect on triiodothyronine in adult
rats. (a) Plasma triiodothyronine (T3) levels in rats in PND 107 males and
(b) PND 107 females following daily manganese treatments over PND 1 —
21. There was no manganese treatment effect on T3 levels compared to
controls in either gender at PND 107 (males: F(2,40) = 0.55, p=0.58; n=15
per treatment; females: F(2,20) = 1.35, p=0.28; n=8 per treatment). Values
are mean (£ SE).
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Figure 3.8 Pre-weaning Mn exposure effect on thyroxine in adult rats. (a)
Plasma thyroxine (T4) levels in rats in PND 107 males and (b) PND 107
females following daily manganese treatments over PND 1 — 21. There
was no manganese treatment effect on T4 levels compared to controls in
either gender at PND 107 (males: F(2,38) = 0.72, p=0.49; n=15 per
treatment; females: F(2,20) = 0.19, p=0.83; n=8 per treatment). Values are
mean (+ SE).
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Conclusion

My study was designed to address the following questions: 1) What are the
potential neurobehavioral effects of elevated Mn exposure suffered early in life? 2)
What are the cellular neurotoxic effects of elevated Mn exposure experienced over
the early neonatal period of neurodevelopment? 3) What are the possible long-term
effects of neonatal Mn exposure that could impact neurochemical development for
proper cognitive/behavioral function into adulthood? In utilizing the neonate rodent
model, | showed that early oral Mn exposure caused hyperactivity and behavioral
disinhibition in weanling animals, learning and memory deficits and altered learning
strategies in young adult animals, and altered the response to d-amphetamine in
adult animals. Alterations in dopamine receptors and transporter levels in the
prefrontal cortex, striatum, and nucleus accumbens accompanied these functional
outcomes in weanlings and adults. | also found that pre-weaning Mn exposure led to
significant up-regulation of the astrocyte marker, glial fibrillary acidic protein (GFAP),
in the prefrontal cortex of both weanlings and adults progressing to the striatum and
nucleus accumbens in the adult. An overview of the neurobehavioral, neurochemical
and immunological effects of pre-weaning Mn exposure on post-weaning animals,
young adults, and adults for this study is depicted in Figure 3.1.

The results of my research reveal that pre-weaning elevated oral Mn
exposure not only impacts the dopaminergic system in brain regions that subserve
behavioral/cognitive function in weanling animals, but also results in lasting cellular
effects in the dopaminergic system within these brain regions of adults. In addition,
the results in this study are the first to reveal an inflammatory response in the same

brain regions at the end of Mn exposure in the weanling animals that progresses into
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adulthood well after end of exposure. These findings suggest that early life exposure
to environmentally relevant levels of Mn can cause disruption of developmental
processes during critical windows leading to lasting effects in the adult animal and
potential increased susceptibility to other drugs and/or chemicals later in life. Studies
investigating deficits in the young rodent due to early Mn exposure are crucial in the
determination of appropriate and safe Mn exposure levels for children. Appropriate
reference levels need to be established to reflect both epidemiological studies and
studies focused on the developing animal.

As noted in the previous chapters in this dissertation, Mn is essential for
normal growth and development as well as for normal adult physiological function.
Problems arise when excess Mn accumulates in the brain, causing a number of
detrimental motor and cognitive effects. This has been documented in adults with
elevated Mn exposures in occupational settings where clinical symptoms of balance
loss, gait deficits, fine motor impairment, stiffness, tremor, delay in reaction time,
memory loss, postural problems, headache, aggressive behavior, mania, speech
difficulties, nervousness, and sensory deficits have been reported (Beuter et al.,
1999; Bowler et al., 1999; Lucchini et al., 1999; McMillan, 1999; Mergler et al., 1994,
Roels et al., 1987). It is important to note that 1) clinically asymptomatic adults
exposed to relatively low levels of Mn show impaired coordination of rapidly
alternating fine movements, short-term memory, and irritability (Iregren, 1990;
Lucchini et al., 1995; Mergler et al., 1999; Sjogren et al., 1996), and 2) once clinical
neurological symptoms develop, motor and cognitive deficits tend to be irreversible
and progressively worsen, even after cessation of exposure (Bouchard et al., 2007b;

Huang et al., 2003; Roels et al., 1987; Roels et al., 1999). Knowledge of these types
129



of effects in adults coupled with knowledge of increased absorption and retention of
Mn in the immature animal (see Introduction) raises some serious questions about
immediate and long-term effects of elevated Mn exposures in infants and children.
Manganese and executive function

The epidemiological studies in children that have recently reported
associations of elevated Mn exposures in drinking water with impulsiveness, hyper-
reactivity, attention deficits, memory, and behavioral disinhibition, corroborate with
previous studies reporting associations of elevated Mn in head hair, learning
disabilities, and ADHD-like behaviors in children (Barlow, 1983; Bouchard et al.,
2007a; Collipp et al., 1983; Pihl and Parkes, 1977; Takser et al., 2003; Wasserman
et al., 2006; Woolf et al., 2002; Wright et al., 2006). ADHD is a disorder of executive
function where there is a compromise in neuronal integration of stimuli used to
monitor information processing responsible for planning, cognitive flexibility, abstract
thinking, initiating appropriate actions, inhibiting inappropriate actions, and selecting
relevant sensory information (Barkley, 1997; Barkley, 1998). The incidence of ADHD
continues to rise and afflicts 6-14% of school age children (Oades, et al., 2005).
Prevalence of ADHD is not necessarily linked to environments with elevated Mn
levels, but Mn-exposed children are displaying ADHD-like symptoms and learning
deficits.

There is substantial evidence that dopaminergic dysregulation and
associated prefrontal cortex/striatal dysfunction are the main features of executive
function disorders such as ADHD, schizophrenia, drug addiction, and Parkinson’s
disease (Arnsten, 2006, Nieoullon, 2002; Oades et al., 2005, Spencer et al 2007).

Because the dopaminergic system is instrumental in the modulation of motivation,
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inhibition, anxiety, and learning and memory, exposure to environmental toxins such
as Mn, which specifically target these systems, would result in similar maladaptive
behaviors. Summation of neuronal synaptic input and integration of information for
appropriate behavioral response depends on the concentration of dopamine,
appropriate ratios of dopamine receptors/transporter, and structure of the synapse
(Seamans et al., 2001; Williams and Goldman-Rakic, 1995; Williams and Goldman-
Rakic, 1998). The finding in my study that early Mn exposure leads to learning and
behavioral deficits and alteration in dopamine receptor/transporter ratios is further
evidence for linking elevated Mn exposure with executive dysfunction associated
with dopaminergic dysfunction.
Early insult and adult dysfunction

To date, rodent studies have focused on adult Mn exposure with functional
effects essentially limited to motor outcomes. There are several reasons for the
importance of understanding the deleterious effects of elevated Mn exposures in
children as a separate population from adults. The developing animal responds
differently to the environment because it is a critical time for developing long-term
associations and learning appropriate behavioral responses to external stimuli.
Neuronal circuits of executive function are growing and strengthening as a result of
new experiences (Packard and Knowlton, 2002; Oades et al., 2005; O’'Hearn et al.,
2008). Chemical insults during critical developmental windows of neuronal pathways
can be disastrous. These insults can produce a child that matures with deficient
neuronal background for proper execution of executive function as an adult. For
example, 30% of children diagnosed with ADHD will carry this affliction with them to

adulthood (Oades et al., 2005).
131



In addition to evidence of early neuronal insults leading to adult dysfunction,
data supporting age-based differences in sensitivity to chemicals that affect the
immune system have also implicated early immune dysfunction in the etiology of
adult disease (Dietert, 2009; Finch and Crimmins, 2004). In my study, the observed
astrocyte activation in the adult animals after pre-weaning oral Mn exposure
indicates an effect of early insult on the immune systems associated with adult
dopaminergic dysfunction. Microglia and astrocytes have been implicated in chronic
neurodegenerative diseases such as Alzheimer’s disease, prion disease, and
Parkinson’s disease, where the immunoreactive release of pro-inflammatory
compounds such as cytokines and chemokines can trigger pathways that lead to
nitric oxide (NO) synthesis and/or apoptosis, both of which can lead to neurotoxicity
and neurodegeneration (Aldskogius and Kozlova, 1998; Campbell, 2004; Giulian et
al., 1993; Heales et al., 1999; McGeer and McGeer, 2002; Nagatsu et al., 2000;
Sriram et al., 2002; Stewart et al., 2002). Recent discussions on adaptive responses
to early insults during growth and development as a result of infections,
inflammation, injury, or xenobiotics have pointed out that these responses can
become maladaptive in the long-term and significantly impact health risks as adults
(Barker, 2002; Dietert, 2009; Finch and Crimmins, 2004). The developing immune
system is a sensitive target for environmentally induced disruption of immune
maturational events that occur during critical windows of prenatal/perinatal
development (Dietert, 2009). While this temporary, unique state of the neonate
serves to allow for plasticity for increased survival, it also leaves the organisms in a
highly vulnerable position of increased susceptibility to environmental toxins. The

resulting postnatal immune dysfunction can have serious health consequences and
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predispose children to diseases that have been on the rise in recent decades (e.qg.,
childhood asthma, allergic diseases, autoimmune conditions, childhood infections)
(Figure 3.2) (Dietert, 2008; Dietert, 2009; Dietert and Dietert, 2008).
Risk Assessment for manganese

In contrast with iron, copper, and zinc, there has been little research on the
role of Mn in infant nutrition and there is minimal documentation of Mn deficiency
and/or toxicity in human infants. As a consequence of this, there are no established
upper limits to Mn exposure for infants in their first year of life. This leads to the
potential for significant Mn exposures in infants going unchecked (Cockell et al,
2004). In addition to underdeveloped homeostatic mechanisms leading to increased
absorption and retention, neonates would receive a more concentrated dose of a
toxicant than adults due to their relative size and the fact that their diet consists of
one food source. Given this, the safety margin between adequate and excessive
levels of Mn is narrow during the neonate period (Cahill, 1980; Rehnberg, 1981).

This presents a significant challenge in establishing a sensitivity factor for
early-life exposures to Mn. Furthermore, the data for deriving such a factor, are
simply not available. The U.S. Environmental Protection Agency has not
incorporated an adjustment for early-life exposure to non-carcinogenic chemicals into
its risk assessment guidelines for chemicals with limited or no data on developmental
exposures (Preston, 2004). In 2006 the World Health organization (WHO) revised
the maximum contaminant level (MCL) for Mn in drinking water to 400 ug/L, which
was based on a questionable no observed adverse effect level for adults (Ljung and
Vahter, 2007). This MCL for Mn was derived from average dietary intake in a small

sample of adult women (Ljung and Vahter, 2007). An uncertainty factor (UF) of 3 was
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employed to account for the increased bioavailability of Mn in water. This UF was
based on adult male consumption of water with an assumed 20% of dietary Mn from
drinking water (Ljung and Vahter, 2007). These MCL levels do not take into account
the increased susceptibility of Mn absorption and retention in infants and children
and may be highly inappropriate for the developing child. Elevated levels of Mn are
commonly encountered in naturally contaminated well waters and soy-based infant
formulas, both of which are known to comprise significant sources of Mn exposures
that exceed current guidelines (Ljung and Vahter, 2007; Wasserman, 2006).
Potential neonatal dietary exposure via drinking water sources and soy-based infant
formula with elevated Mn levels can exceed Mn levels in breast milk by 50 to 300
times. This excess raises serious concerns about accepted exposure levels of Mn in
children.
Infant formula

The significance of my study becomes more apparent in culturally and
ethnically under-represented groups in economically depressed areas throughout the
U.S. These groups are eligible for federally subsidized assistance programs that
provide free food and infant formula to improve the health and nutritional well being
of low-income women, infants, and young children. In fiscal year 2005, an average 8
million persons participated in the Special Supplemental Nutrition Program for
Women, Infants, and Children (WIC) each month which supplied over 2 million
infants, or almost half of all infants born, with infant formula as their principal source
of nutrition (Oliveira and David, 2006). Over half of all infant formula sold in the
United States is purchased through the WIC program. Typically, WIC state agencies

obtain substantial discounts in the form of rebates from infant formula manufacturers.
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This process allows rebates for each can of formula purchased through the program
in exchange for exclusive right to sell to that state (Oliveira and David, 2006). A
report by the Government Accountability Office (GAO) to congress found that each
year millions of U.S. mothers rely on infant formula. The impact of infant formula
marketing can be seen as WIC and non- WIC breastfeeding rates fell short of most
national goals, with rates substantially lower for WIC infants (Figure 3.3) (GAO,
2006).

In a recent inventory of infant formulas, Mn content averaged 400 ug/L and
most were available in powdered form, which could result in very high Mn exposures
to the infant if reconstituted with Mn-contaminated water (Ljung et al., 2007). Infant
formula manufacturers report Mn concentration range at 25-600 ug/L with most at
400 pg/L for formulas meant for children under 4 months of age which is 100 times
that found in breast milk (Ljung and Vahter, 2007). These groups of children may be
at significantly increased risk of learning and behavioral deficits due to early Mn
exposures. For infants of economically challenged mothers, the coupling of
significantly higher rates of infant formula feeding with residing in areas serviced by
contaminated well water could result in exceptionally high Mn exposure levels.

The data presented here have far-reaching implications. There is an
opportunity to begin focusing on neurocognitive deficits seen in children exposed to
elevated Mn and to utilize tests appropriate for these types of executive function
deficits. This study shows that the neonate rodent model of early Mn exposure is a
valuable tool for investigation of functional and molecular deficits in the developing
animal and long-term effects of this type of exposure on the health risks in adults.

Countless children are at risk for toxic effects of elevated Mn exposure. Studies are
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revealing solid associations of executive function and learning deficits in children due
to early Mn exposure. It is essential that future studies use appropriate models to
investigate elevated Mn exposures with cellular and behavioral dysfunctions. Until
the government reissues acceptable and safe limits to Mn, permanent damage may

be sustained by children, well into adulthood.
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Figure 4.1 Early and lasting effects of pre-weaning Mn exposure
measured in this study.
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Figure 4.2 How manganese might affect the developing
immune system (chart taken from Dietert, 2009).
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Figure 4.3 Percent breastfeeding rates of WIC and non-WIC infants in
hospital and at 6 months (GAO report, 2006).
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