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Abstract

Chronic manganese (Mn) exposure produces a neurological syndrome with psychiatric, cognitive,
and parkinsonian features. Gene expression profiling in the frontal cortex of Cyno-mologous
macaques receiving 3.3-5.0 mg Mn/kg weekly for 10 months showed that 61 genes were
increased and four genes were decreased relative to controls from a total of 6766 genes. Gene
changes were associated with cell cycle regulation, DNA repair, apoptosis, ubiquitin-proteasome
system, protein folding, cholesterol homeostasis, axonal/vesicular transport, and inflammation.
Amyloid-f (AB) precursor-like protein 1, a member of the amyloid precursor protein family, was
the most highly up-regulated gene. Immunohistochemistry confirmed increased amyloid
precursor-like protein 1 protein expression and revealed the presence of diffuse AB plaques in Mn-
exposed frontal cortex. Cortical neurons and white matter fibers from Mn-exposed animals
accumulated silver grains indicative of on-going degeneration. Cortical neurons also exhibited
nuclear hypertrophy, intracytoplasmic vacuoles, and apoptosis stigmata. p53 immunolabeling was
increased in the cytoplasm of neurons and in the nucleus and processes of glial cells in Mn-
exposed tissue. In summary, chronic Mn exposure produces a cellular stress response leading to
neurodegenerative changes and diffuse AB plaques in the frontal cortex. These changes may
explain the subtle cognitive deficits previously demonstrated in these same animals.
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Manganese (Mn) is an essential metal that is required for the normal function of a multitude
of biological processes in humans. However, conditions that increase brain Mn
concentrations produce neurological disease (Levy and Nassetta 2003; Aschner et al. 2007).
Toxic concentrations of Mn in the brain result from exposure to naturally occurring or
anthropogenic sources in the environment (Takser et al. 2003; Rollin et al. 2005; Rodriguez-
Agudelo et al. 2006), in occupational settings (Bast-Pettersen et al. 2004; Josephs et al.
2005; Bowler et al. 2007; Kim et al. 2007; Lucchini et al. 2007) or from certain medical
conditions related to liver disease (Klos et al. 2006a,b) or parenteral nutrition (Komaki et al.
1999; linuma et al. 2003). There are reports of neurological disease in young addicts
injecting high doses of Mn as a component of ‘designer’ psychostimulant drugs (Meral et al.
2007; Sikk et al. 2007). Further, there is concern that the long-term use of gasoline
containing the Mn additive methylcyclopentadienyl manganese tricarbonyl increases Mn
exposure to the general population and consequently the burden of neurological disease
(Kaiser 2003; Walsh 2007).

Exposure to high concentrations of Mn is known to induce a parkinsonian syndrome
associated with accumulation of Mn in basal ganglia structures, especially in the globus
pallidus (Guilarte et al. 2006a; Perl and Olanow 2007). Manganese-induced parkinsonism
has received a great deal of attention in the recent scientific literature, and thus a high
percentage of recent studies examining Mn-induced neurotoxicity have been focused on Mn-
induced changes in the dopaminergic system in the basal ganglia (Guilarte et al. 2006a; Perl
and Olanow 2007). Recent reports also indicate that contemporary levels of occupational or
environmental exposures to Mn cause problems of attention and cognitive impairment as
well as increased expression of neuropsychological symptoms (Josephs et al. 2005;
Bouchard et al. 2006; Bowler et al. 2006; Klos et al. 2006b) that may persist long after
cessation of exposure (Bouchard et al. 2007). An association between environmental
exposure to Mn and deficits in measures of intellectual functioning has also been described
in children (Takser et al. 2003; Wasserman et al. 2006). It has been suggested that chronic
exposure to elevated levels of Mn may alter cognitive domains mediated by the frontal
cortex and subcortical structures (Josephs et al. 2005). However, there is relatively little or
no information on Mn-induced effects on brain structures outside of the basal ganglia.

The present study is part of an on-going multidisciplinary effort to characterize the
neurological consequences of chronic exposure to Mn in non-human primates. The monkeys
described in this communication have been previously shown to have subtle deficits in
cognitive function and fine motor control (Schneider et al. 2006). They exhibit decreased
levels of amphetamine-induced dopamine release in the striatum measured by positron
emission tomography (Guilarte et al. 2006a) and decreased cerebral cortex N-
acetylaspartate/creatine ratio measured by magnetic resonance spectroscopy indicative of
neuronal loss or dysfunction (Guilarte et al. 2006b). We now present new evidence that in
the frontal cortex of these same animals, Mn exposure produces gene expression changes
indicative of a cellular stress response that produces extensive degeneration and diffuse
amyloid-p (Ap) plaques. These findings show for the first time that the frontal cortex, a brain
region that accumulates significantly lower levels of Mn that basal ganglia structures, is
susceptible to Mn-induced neurodegeneration.
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Materials and methods

Manganese administration and animal care

Young adult male research Cynomologous macaques, 5-6 years of age at the start of the
study, were used. All animal studies were reviewed and approved by the Johns Hopkins and
the Thomas Jefferson University Animal Care and Use Committee. These animals are part
of an on-going multidisciplinary study assessing the behavioral, neuroimaging, and
neuropathological consequences of chronic Mn exposure. Four animals were used for the
gene array studies that received intravenous injections of manganese sulfate (3.3-5.0 mg
Mn/kg) into the saphenous vein under 1-3% isoflurane anesthesia approximately once per
week for approximately 40 weeks. These animals, and three naive animals of the same age,
were Killed by ketamine injection (20-30 mg/kg) followed by an overdose of pentobarbital
(100 mg/kg) and the brains harvested.

Brains were collected and embedded in warm 3% low-melting point agarose. After the
agarose hardened, the brains were sliced in a series of 0.4-cm coronal slabs using a
commercial meat slicer. For each brain slab, one of the hemispheres was immediately frozen
on dry ice and the other hemisphere was post-fixed for immunohistochemistry. Brain slabs
were stored at —80°C until use. Alternating brain tissue slabs from the right hemisphere were
processed for histochemistry in two different ways. The right hemisphere of the first and
every other slab thereafter was post-fixed, paraffin embedded, and 5-um thick sections were
cut using a microtome and stained with hematoxylin and eosin. The remaining slabs from
the right hemisphere were immersed in 4% p-formaldehyde in 0.1 M phosphate buffer for 28
h, cryoprotected with 20% glycerol, 0.5% dimethylsulfoxide in phosphate buffer, and frozen
at —80°C. Fifty microns thick sections were cut using a freezing microtome and processed
(free-floating) for immunohistochemistry.

Microarray analysis

Brains were stored at —80°C until use for microarray analysis. Frontal cortex samples (areas
8 and 9 from the superior frontal lobe) of the four 3.3-5.0 mg Mn/kg injected animals and
three naive control animals were dissected, weighed, and RNA isolated using the Qiagen
RNAEasy kit (Qiagen, Valencia, CA, USA). RNA from each animal was processed
independently so that a total of seven arrays were performed (n = 3, control; n =4, Mn-
exposed). National Institute on Aging Human MGC Nylon cDNA arrays (Baltimore, MD,
USA), consisting of 9600 features that correspond to 6766 unique genes (Nadon et al. 2005),
were used to analyze the differences in gene expression between Mn-treated and naive non-
human primates. Log transformed hybridization intensities were used for Z-score
transformation, yielding a comparison of microarray data independent of the original
hybridization intensity Z-ratios represent a unit of standard deviation from the normalized
mean of zero for a particular gene (Cheadle et al. 2003). Z-ratios +1.5 are statistically
significantly different from control (p < 0.05), and represent a measure of fold change
between treatments. Gene identities and functions were established using the National
Center of Biotechnology Information (NCBI) Entrez Gene search engine (http://
www.ncbi.nlm.nih.gov).

J Neurochem. Author manuscript; available in PMC 2015 February 20.


http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Guilarte et al. Page 4

Immunohistochemistry

Tissue sections were pre-treated with 3% H,O, and 10% methanol in Tris-buffered saline
for 20 min followed by treatment with 20% formic acid for 10 min (for 6E10 only) and
incubation with 5% normal horse serum and 0.2% Triton X-100 in Tris-buffered saline for 1
h. Further, sections were incubated with mouse 6E10 antibodies reactive to amino acid
residue 1-17 of human A4 peptide (1 : 1000, 48 h at 4°C; Signet, Dedham, MA, USA),
rabbit antibodies against amyloid-§ precursor-like protein 1 (APLP1) (1 : 10 000;
Calbiochem, Gibbstown, NJ, USA), p53 (1 : 500; Cell signaling, Danvers, MA, USA),
hydroxynonenol (1 : 5000; Alpha Diagnostic, San Antonio, TX, USA), and glial fibrillary
acidic protein (GFAP) (1 : 5000; Dako, Carpinteria, CA, USA) followed by incubation with
the corresponding secondary biotinylated 1gG (1 : 250, Vector, Burlingame, CA, USA; 1.5
h, at 25°C) and the avidin-biotin peroxidase complex solution (1 : 170, 1 h at 25°C). The
reaction product was visualized with 0.25 mg/mL 3,3’-diaminobenzidine and 0.03% H,0,.
Additional sets of sections were stained using FD Neurosilver Kit I (Ellicott City, MD,
USA). Sections were mounted on slides, stained with cresyl violet, dehydrated in graded
ethanols, and coverslipped using dibutyl phthalate xylene (DPX, Sigma, St. Louis, MO,
USA) mounting media.

Metals analysis In brain tissue

Concentrations of Mn, copper, zinc, and iron were measured in frontal cortex tissue from
control and Mn-exposed animals as previously described (Guilarte et al. 2006a).

Statistics
Microarray data were analyzed by conversion to Z-ratios. For a detailed discussion of
methodology, see Cheadle et al. (2003). Metal concentrations for control and Mn-exposed
tissue were compared using a Student’s t-test, with p < 0.05 used as a threshold for statistical
significance.

Results

Animal husbandry, dosing regimen, and Mn tissue concentrations

The dosing regimen, cumulative Mn dose, time of exposure, blood and brain Mn
concentrations, and general characteristics of the animals used in this study have been
described (Guilarte et al. 2006a,b). These animals have also been shown to express subtle
deficits in cognitive function, primarily spatial working memory (Schneider et al. 2006).

Gene expression changes in Mn-exposed frontal cortex

Table 1 shows that from a total of 6766 unique genes represented on the array, 61 genes
were significantly up-regulated and four genes were significantly down-regulated by Mn.
Microarray data were normalized by Z-score transformation in order to calculate significant
changes in gene expression between control and Mn-exposed animals (Cheadle et al. 2003).
Only those genes with a Z-ratio + 1.5 (statistically significantly different from control,p <
0.05) are reported. Positive Z-ratios indicate that gene expression was significantly higher in
Mn-treated animals relative to controls while negative Z-ratios indicates genes whose
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expression was significantly lower in Mn-treated animals relative to controls. Gene
expression changes in Mn-exposed animals were categorized according to known biological
functions and are listed in order from highest to lowest Z-ratio (Table 1). Genes related to
cell cycle regulation and DNA repair, apoptosis, cholesterol homeostasis, proteasome/
ubiquitin function, protein folding, axonal/vesicular transport, and inflammation were
modulated by Mn exposure. The most highly up-regulated gene in the frontal cortex of Mn-
treated animals with a Z-ratio of 2.90 was APLP1. Because of the limited amount of tissue,
as the frontal cortex has been used for several other biological measurements, and because
the RNA extraction procedure produced a low yield, there was only sufficient RNA for the
gene array studies and we could not confirm the gene array findings using PCR. Therefore,
as an alternative approach we used immunohistochemistry in frontal cortex tissue from the
opposite hemisphere to confirm the increase in APLP1 gene expression.

Amyloid-g precursor-like protein 1 and amyloid-p immunohistochemistry

Figure 1 shows that in the frontal cortex of control animals, APLP1 labeling in cortical
neurons was very faint (Fig. 1a) with little or no expression in white matter (Fig. 1d).
However, Mn-exposed animals expressed darkly stained APLP1-positive neurons in the
gray matter morphologically similar to pyramidal cells and cortical interneurons (Fig. 1b, c,
and h). APLP1 immunostaining was also increased in subcortical white matter cells from
Mn-exposed animals. Some of the APLP1-positive cells detected in the white matter (Fig.
1e) and in the border of the gray and white matter (Fig. 1i) were morphologically similar to
interstitial neurons. In deep cortical layers adjacent to the white matter and in deeper regions
of the white matter, glial cells expressed increased APLP1 staining in their processes (Fig.
le—q). In Fig. 1f, there is an APLP1-positive glial cell with a condensed nucleus, resembling
apoptosis. Together, these findings confirm that the protein encoded by the APLP1 gene is
increased in the frontal cortex of Mn-exposed monkeys.

Based on these observations, we also performed Ap immunohistochemistry (6E10 antibody)
to assess the presence of A plaques in Mn-exposed animals. As expected, immunostaining
for AB in control animals (all animals less than 10 years of age) did not show extracellular
aggregation (Fig. 2a). Panels in Fig. 2b — f depicts immunostaining in Mn-exposed monkeys.
Extracellular AB aggregates resemble diffuse plaques that have been described in the aging
canine and monkey brain (Kimura et al. 2005; Czasch et al. 2006) or at the early stages of
Alzheimer’s disease (AD) (Alafuzoff et al. 2006). Further, AP aggregation sometimes
surrounded Nissl-negative soma of large cortical neurons that appear to have been lost (Fig.
2f). These findings suggest the early stages of AP plaques, but further studies are needed to
provide a quantitative assessment and confirmation in additional animals.

Neurodegenerative changes in Mn-exposed frontal cortex

Silver staining—Silver staining was used to assess cellular degeneration in the frontal
cortex of Mn-exposed animals. In control animals there was little evidence of silver grain
accumulation in gray matter (Fig. 3 a and b) with occasional short segments of white matter
axonal fibers accumulating silver grains (Fig. 3c). In Mn-exposed animals, there were
pyramidal cells with marked silver grain accumulation in the soma (Fig. 3d) and along the
entire length of the axonal projection (Fig. 3d). Large pyramidal cells and cortical
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interneurons expressed various degrees of silver grain accumulation or argyrophilia (Fig. 3e,
g, and h). Multiple argyrophilic axonal fibers indicative of degenerative changes were also
present in the white matter of Mn-exposed animals (Fig. 3f and i).

Histological examination—A common morphological feature observed in the frontal
cortex of Mn-exposed monkeys was the presence of single or multiple intracytoplasmic
vacuoles in the neuronal soma and dendrites (Fig. 4a — d). Intracytoplasmic vacuoles were
present in large pyramidal cells and cortical interneurons (Fig. 4a — d). We also observed
cortical neurons with hypertrophic nuclei in which the nucleus almost completely filled the
entire volume of the cell soma with little or no visible cytoplasm (Fig. 4e). This type of
morphological alteration has been recently described in mild cognitive impairment and in
the AD brain (Riudavets et al. 2007).

Histology also showed cortical cells at various stages of apoptosis in the frontal cortex of
Mn-exposed animals (Fig. 4f — i). Apoptotic stigmata consisted of two or more dense
spheroid nuclear inclusions (Fig. 4f — h) or a single large and dense spheroid nuclear
inclusion (Fig. 4i) possibly representing different stages of apoptosis. Cellular remnants in
apoptotic cells stained with APLP1, p53, or hydroxynonenol (lipid peroxidation marker)
suggesting an association of these markers with apoptotic cell death (Fig. 4g —i).

Glial fibrillary acidic protein immunohistochemistry—Gilial fibrillary acidic protein
was used to assess glial cell activation in the frontal cortex. In the gray matter and white
matter of Mn-exposed animals, there were fibrous and protoplasmic astrocytes that
expressed increased GFAP levels and hypertrophic processes consistent with astrocytosis
(Fig. 5). We also observed numerous Alzheimer’s type Il astrocytes consistent with what has
been described in the Mn-exposed brain (Hazell et al. 2006) (Fig. 5).

p53 immunohistochemistry

Several of the genes altered by chronic Mn-exposure are known to be activated by p53 or
their gene product interacts with p53 to modify its function (see Scheme 1). Therefore, we
performed p53 immunohistochemistry to determine if p53 protein levels were increased in
the frontal cortex of Mn-exposed animals. Figure 6a and b show that there was little or no
p53 immunoreactivity in control tissue except in blood vessels (not shown). However,
neurons in Mn-exposed animals expressed increased levels of p53 label in the cytoplasm
with a punctate appearance (Fig. 6¢). p53 staining in the cytoplasm was also present in
neurons with pale hypertrophic nuclei (Fig. 6e). Increased p53 immunoreactivity was also
observed in glial processes and nuclei (Fig. 6d and f). These findings indicate that chronic
Mn exposure produces a cellular stress response that increases p53 levels in cortical neurons
and glial cells.

Metal concentrations in brain tissue

Concentrations of Mn, copper, zinc, and iron were measured in the frontal cortex by high-
resolution inductively coupled plasma mass spectroscopy and presented in Table 2. As
expected, Mn-exposure produced a significant increase (72.4%; p < 0.05; one-tail Student’s
t-test) in Mn concentrations. The mean + SEM of frontal cortex Mn concentrations were:
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controls (n =3) 0.207 + 0.03 pg Mn/g tissue and Mn-exposed (n = 4) 0.357 + 0.06 pg Mn/g
tissue. Copper concentrations were also significantly increased (47.3%; p < 0.05; one-tail
Student’s t-test) in Mn-exposed frontal cortex relative to control tissue. The mean =+ SEM of
frontal cortex copper concentrations were: controls (n = 3) 3.19 £ 0.29 ug copper/g tissue
and Mn-exposed (n = 4) 4.70 = 0.56 pg copper/g tissue. Chronic Mn exposure did not alter
iron or zinc concentrations in the frontal cortex (Table 2).

Discussion

The present study provides new evidence that chronic exposure to Mn, a heavy metal that is
ubiquitously present in the environment, produces a cellular stress response and
neurodegeneration in the frontal cortex of non-human primates. To our knowledge, this is
the first report describing Mn-induced neuropathology in the frontal cortex of non-human
primates. We also show that chronic Mn exposure altered the expression of genes associated
with the amyloid precursor protein (APP) family, cell cycle regulation and DNA repair,
apoptosis, cholesterol homeostasis, proteasome/ubiquitin function, protein folding, axonal/
vesicular transport, and inflammation. The finding that several cell cycle regulation genes
were altered by Mn exposure suggests an attempt of cell cycle re-entry. A central hypothesis
that explains many of the pathological changes in neurodegenerative disease such as AD is
the activation of the cell cycle machinery in post-mitotic differentiated neurons (Raina et al.
2000; Yang et al. 2003). We should note, however, that one of the limitations of this study is
the inability to confirm the Mn-induced changes of multiple genes identified in the array,
with the exception of APLP1 which was confirmed by immunohistochemistry.

Several of the genes altered in the frontal cortex of Mn-exposed animals are documented to
be p53 target genes or their protein product interacts with p53 to alter its function (see
Scheme 1). p53 is a transcription factor known to regulate several major cellular functions
including gene transcription, DNA synthesis and repair, cell cycle regulation, senescence,
and apoptosis (Culmsee and Mattson 2005). Activation of p53 is known to occur following
insults that produce genotoxic or oxidative stress (Morrison and Kinoshita 2000; Culmsee
and Mattson 2005). Manganese produces oxidative stress in cell culture systems (Hirata
2002; HaMai and Bondy 2004; Latchoumycandane et al. 2005) and our present results
suggest that p53 activation may play a central role in the gene expression changes
documented in the frontal cortex of Mn-exposed animals (Scheme 1).

Involvement of p53 activation in Mn-induced neurotoxicity is suggested by increased p53
reactivity in the cytoplasm of cortical neurons and in the nucleus and processes of glial cells
in the frontal cortex of Mn-exposed animals (Fig. 6). This pattern of p53 subcellular
localization has been described in the brain of patients with neurodegenerative diseases
including AD (de la Monte et al. 1997). In Mn-exposed frontal cortex, p53
immunoreactivity was also observed in cells with apoptosis stigmata (Fig. 4). Non-
transcriptional p53-induced apoptosis mediated by p53 localization in the cytoplasm or in
the mitochondria has been documented (Moll et al. 2005).

Amyloid-§ precursor-like protein 1 was the most highly up-regulated gene in the frontal
cortex of Mn-exposed animals and increased protein expression was confirmed by
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immunohistochemistry (Table 1 and Fig. 1). APLP1 is a member of the APP family that
consists of APP, APLP1, and APLP2 and is the only gene in this family that is expressed
exclusively in the brain (Kim et al. 1995). The human APLP1 gene has been mapped to the
long arm of chromosome 19 in the same region containing a late-onset familial AD locus
(Kim et al. 1995). APLP1 is enriched at the post-synaptic density in the cerebral cortex and
in the hippocampus (Kim et al. 1995) and it has been found in dystrophic neurites and senile
plagues in the AD brain (Bayer et al. 1997; McNamara et al. 1998). APLP1 can also
selectively increase APP shedding. Ectodomain shedding is a key regulatory step in the
generation of ApB peptide (Neumann et al. 2006). The promoter region of the APLP1 gene
has specificity protein 1 (SP-1) and activator protein 1 (AP-1) regulatory sites as well as a
heat-shock element consensus sequence that may confer sensitivity to a variety of stressful
and pathologic conditions (Zhong et al. 1996). Therefore, increased APLP1 expression may
be an indicator of cellular stress. Consistent with this notion, a recent study has shown that
APLP1 is a novel p53 transcriptional target gene that is induced by genotoxic stress (Tang et
al. 2007). Further, among the APP family members, only APLP1 is increased specifically by
p53 during genotoxic stress (Tang et al. 2007). This same study showed that increased
APLP1 expression enhances neuronal apoptosis and neurodegeneration (Tang et al. 2007).
This finding is consistent with our observation that in Mn-exposed frontal cortex, cell
remnants with apoptosis stigmata exhibited increased APLP1 and p53 expression suggesting
involvement of these two factors in Mn-induced apoptotic cell death (Fig. 4). Our finding of
increased p53 immunoreactivity and extracellular Af deposition has important mechanistic
implications. LaFerla et al. (1996) have shown that in AB transgenic mice, brain regions
expressing p53 activation, DNA fragmentation and marked neuronal cell death, extracellular
deposits of Ap become evident with local activation of astrocytes. All of these conditions are
observed in the frontal cortex of Mn-exposed animals suggestive of Mn-induced
dysregulation of APP processing and Af extracellular accumulation (see Scheme 1).

A question raised by our present findings relates to potential mechanism(s) by which a Mn-
induced increase in APLP1 expression promotes neurodegenerative changes in the frontal
cortex. Although increased APLP1 expression has been detected in dystrophic neurites and
in AP plaques in AD (McNamara et al. 1998), its precise role in plaque formation or
neurodegeneration is not known. It is thought that the loss of synapses and neuronal cell
death characteristic of AD is due to the neurotoxic effects of amyloid-B;_4» a toxic peptide
resulting from the proteolysis of APP by - and y-secretases. However, unlike APP, APLP1
lacks the Ap domain (Li and Sudhof 2004). On the other hand, APP is also cleaved in the
intracellular carboxy-terminus by caspases to generate a C31 cytotoxic peptide (Galvan et
al. 2002). This peptide is present in the brains of AD patients (Lu et al. 2000) and triggers a
selective increase in amyloid-B;_4» in mammalian cells (Dumanchin-Njock et al. 2001).
Galvan et al. (2002) reported that the caspase cleavage sites in APP are conserved in APLP1
and it generates a carboxy-terminus-C31 peptide (APLP1-C31) with a degree of cytotoxicity
similar to the APP-C31 peptide. Relevant to our present findings of increased APLP1
protein expression in apoptotic neurons and glial cells in the Mn-exposed frontal cortex, the
APLP1-C31 peptide induces apoptotic cell death in both neuronal and glial cells (Galvan et
al. 2002). Taken together, these observations suggest that increased levels of APLP1-C31
peptide may produce neurodegenerative changes and diffuse Ap plaques in Mn-exposed
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frontal cortex. These observations provide a potential link by which chronic exposure to
toxic concentrations of Mn may mediate changes in the processing of APLP1 to promote
neurodegeneration and diffuse AB plaques in the brain. Studies using primary cortical
cultures are needed to directly test this hypothesis.

A novel observation in the present study was the marked expression of APLP1 in interstitial
neurons of the white matter in the Mn-exposed frontal cortex (Fig. 1). White matter
interstitial neurons are remnant neurons of the cortical subplate and are the oldest cells in the
neocortex. They are NADPH-diaphorase and nitric oxide synthase positive and they receive
projections from the thalamus, brainstem, and the nucleus basalis of Meynert (Smiley et al.
1998). They have been described as being cholinoniceptic (Smiley et al. 1998) and
alterations in the number of interstitial neurons have been noted in AD (Kowall and Beal
1988). Their possible involvement in Mn-induced neurodegeneration needs further
exploration.

Environmental exposure to metals has been implicated as a risk factor for neurodegenerative
disease, including AD (Marx 2003; Liu et al. 2006). In particular, accumulation or
dysregulation of brain copper homeostasis has been associated with AB plaques in the AD
brain (Bush 2003). We have previously shown that in the basal ganglia of monkeys used in
the current study, Mn exposure not only increased brain Mn concentrations but it also
increased copper concentrations with no change in zinc or iron levels (Guilarte et al. 2006a).
In the current study, we confirm that Mn exposure produces a similar effect in the frontal
cortex as Mn-exposed animals expressed an increase in Mn and copper concentrations with
no effect on zinc or iron. Therefore, it appears that Mn, in and of itself, is neurotoxic but
increasing brain Mn concentrations to toxic levels also dysregulates copper homeostasis in
the brain. An increase in brain copper concentrations by Mn may contribute to the
neurodegenerative changes and diffuse AP plaques documented in the present study as
copper has been implicated in AD pathology (Waggoner et al. 1999; Bush 2003; Marx
2003). The increase in copper concentration measured in the brain of Mn-exposed monkeys
is consistent with two recent reports showing increased copper concentration in saliva
(Wang et al. 2008) and in serum (Squitti et al. 2007) of workers occupationally exposed to
Mn. Therefore, our findings of increased brain copper concentrations in non-human primates
by chronic Mn exposure are consistent with human studies.

In summary, our present studies provide new evidence on Mn-induced effects in the frontal
cortex, a brain region that has not been previously associated with Mn neurotoxicity and
which accumulates much lower concentrations of Mn than basal ganglia structures. Our data
suggest that Mn-induced neurodegeneration is not solely defined by the degree of Mn
accumulation in brain structures but also by the intrinsic vulnerability of a particular brain
region to Mn-induced neurotoxicity.
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Fig. 1.

Representative images of APLP1 immunohistochemistry in the frontal cortex of control (a

and d) and Mn-exposed animals (b, ¢, and e—i). Control animals exhibited faint APLP1

staining in cortical neurons (a) and in the white matter (d). In the frontal cortex of Mn

exposed animals, there were darkly stained cells whose morphology resembles pyramidal

cells (arrows in b) and cortical interneurons (arrow in ¢ and cell in panel h). White matter

interstitial neurons with fusiform morphology (arrow in €) and polymorphous morphology

(i) also expressed increased APLP1 labeling. An overall increase in APLP1 was detected in

glial cell processes in the white matter (e-g). The increase is apparent by comparing panel

(d) (control) and panel (e) (Mn-exposed) white matter. In panel (f), there are two glial cells

that expressed increased APLP1 immunoreactivity and one of the glial cells appears to have

a condensed nucleus resembling apoptosis (arrow in f). In panel (g), there is a glial cell

whose processes are APLP1 positive with a beaded appearance as if it was undergoing
degeneration (arrow in g). Scale bar: (a—e) 40 and (f-i) 20 pm.
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Fig. 2.
Representative images of amyloid-p immunohistochemistry (6E10 antibody) in the frontal

cortex of control (a) and Mn-exposed animals (b—f). No extracellular amyloid-B-positive
aggregates were observed in the frontal cortex of control animals (a). However, diffuse
amyloid-p plaques were present in the gray matter of Mn-exposed animals (b—d; arrows in b
and c). In panel (f) (arrow) there is the appearance of extracellular amyloid-§ aggregation in
a Nissl-negative cell body resembling the soma of a neuron that has been lost. Scale bar: (a
and b) 80, (c) 40, and (d-f) 20 pm.
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Fig. 3.
Representative images of silver staining in control animals (a—c) and Mn-exposed animals

(d=i). In control animals, there was no significant accumulation of silver grains in any cell
type in the gray matter (a and b). However, there were small occasionally silver-positive
fiber segments in the white matter (see arrowhead in c¢). In Mn-exposed frontal cortex, there
were pyramidal cells with marked silver grain accumulation in the soma (arrow in d) and
along the axonal projection (arrowheads in d). Silver grain accumulation in a large
pyramidal neuron is depicted in panel (e) (see arrow). Argyrophilic cortical cells resembling
cortical interneurons are shown in panels (g and h) (see arrow in h). In the white matter of
Mn-exposed animals, there were long axonal processes with silver accumulation indicative
of degenerative changes (see arrowheads in f and i). Scale bar: (a and d) 40 and in the
remaining panels 20 pm.
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Fig. 4.
Morphological changes in the frontal cortex of Mn-exposed animals. Cortical cells of

various morphological types displayed single or multiple intracytoplasmic vacuoles (arrows
in a—d). We also observed cells in the frontal cortex of Mn-exposed animals with hyper-
trophic nuclei and reduced cytoplasm (arrows in e). Cortical cells with apoptotic stigmata
were present in Mn-exposed frontal cortex (arrows in f—i). Apoptotic cells could be seen
with two or more spherical bodies (arrows in f-h) or with a single, dense, and spherical
nuclear body (arrow in i). Cellular remnants of cells with apoptotic stigmata expressed
APLP1 (g), hydroxynonenol (h), or p53 (i) immunolabeling. Panels (a—f) are hematoxylin
and eosin staining and (g—i) are count-erstained with Nissl. Scale bar: (for all panels) 20 pm.
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Fig. 5.

Rgpresentative images of glial fibrillary acidic protein (GFAP) immunohistochemistry in
control (a and b) and Mn-exposed (c—f) frontal cortex. In control animals, astrocytes
expressed a normal ramified morphology in the gray (a) and white matter (b). In Mn-
exposed frontal cortex, there were areas in which GFAP-labeled astrocytes were increased in
number and expressed hypertrophic processes in both the gray (c) and white matter (d).
Alzheimer’s type Il astrocytes were frequently observed in Mn-exposed animals (e and f).
Alzheimer’s type 11 astrocytes are often paired (see adjacent cells in €) and express enlarged
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nuclei with prominent nucleoli. In panel (f), there is an Alzheimer’s type Il astrocyte
adjacent to a cell undergoing apoptosis (arrow in f). Scale bar: (a—d) 40 and (e and f) 20 ym.

J Neurochem. Author manuscript; available in PMC 2015 February 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Guilarte et al. Page 20

(a) (b)

L
”Q_l

Fig. 6.

Regpresentative p53 immunohistochemistry in the frontal cortex of control (a and b) and Mn-
exposed animals (c—f). There was little or no p53 labeling in cortical neurons (a) or white
matter glial cells (b) in control animals. In the frontal cortex of Mn-exposed animals there
were cortical neurons with increased punctate p53 immunoreactivity in the cytoplasm (arrow
in ¢). In some cases, cortical neurons with p53 cytoplasmic labeling exhibited hypertrophic
nuclei with pale staining (arrow in e). Increased p53 immunostaining was present in glial
processes (arrow in d) and in their nucleus (arrow in f). Scale bar: (for all panels) 20 pm.
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Scheme 1.
Putative mechanisms of Mn-induced neurodegeneration involving p53 related genes.

Arrows next to gene name indicate if the gene is increased or decreased in Mn-exposed
frontal cortex. Number next to gene designation represents the citation documenting the
effect described: 1 (HaMai and Bondy 2004); 2 (Hirata 2002); 3 (Latchoumycandane et at.
2005); 4 (Culmsee and Mattson 2005); 5 (Miller et al. 2000); 6 (Tang et al. 2007); 7 (Lu et
al. 1997); 8 (Ko et al. 1997); 9 (Wang et al. 1995); 10 (Laine et al. 2006); 11 (Morimoto et
al. 2002); 12 (Wang et al. 2001); 13 (Shin et al. 1995); 14 (Cervoni et al. 2006); 15 (Matsui
et al. 2004); 16 (Romier et al. 2003); 17 (Jin et al. 2006); 18 (Galvan et al. 2002); 19
(Dumanchin-Njock et al. 2001).
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Genes identified in the microarray analysis as being statistically significantly different in Mn-exposed animals

from control animals in frontal cortex tissue

GenelD Genesymbol Function Z-ratio
Amyloid precursor protein regulation
333 APLP1 Metal and protein binding 2.90
Apoptosis
10670 RRAGA Metalloprotease; participates in 2.72
TNFa-mediated cell death
5074 PAWR Tumor suppressor gene 1.98
54205 CYCS e— transport chain; apoptosis 1.76
725 C4BPB C4b binding on apoptotic cells 1.58
Cholesterol metabolism/transport
3422 IDI1 Cholesterol biosynthesis 2.34
335 APOA1 Cholesterol efflux 1.89
10654 PMVK Cholesterol biosynthesis 1.76
Axonal/vesicular transport
27067 STAU2 MRNA transport; spine formation 2.48
51626 DYNC2LI1 Dynein subunit 2.37
51429 SNX9 EGFR degradation; vesicle recycling 231
79814 AGMAT Polyamine biosynthesis; 2.18
neurotransmission
400 ARL1 Vesicle regulation 2.02
89953 KLC4 Kinesin light chain 1.96
9022 CLIC3 Voltage-gated ion transport 1.85
10490 VTI1B Vesicle transport 1.68
Inflammatory/immune response
6374 CXCL5 Neutrophil activation 2.57
7462 LAT2 T and B cell activation 2.32
7551 ZNF3 Immune cell activation 2.06
3459 IFNGR1 Immune response 1.84
7039 TGFA Mitogenic response 1.75
6696 SPP1 Immune response 1.73
Cell cycle/transcription/DNA repair/biosynthesis
9204 ZMYM6 DNA binding 2.72
2068 ERCC2 Nucleotide excision repair 2.55
11055 ZPBP Transcription 2.36
51204 CCDC44 DNA integrase 231
4801 NFYB p53-dependent transcription factor 2.25
84307 ZNF397 DNA binding 2.18
991 CDC20 Cell cycle regulation 2.11
29922 NME7 Nucleotide biosynthesis 211
3615 IMPDH2 Guanine biosynthesis 2.06
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GenelD Genesymbol Function Z-ratio
5326 PLAGL2 Recognizes DNA 1.96
22803 XRN2 RNA metabolism 1.95
65989 DLK2 EGF homology 1.93
1022 CDK7 Cell cycle 1.89
3487 IGFBP4 Prolongs insulin growth factors 1.74
4830 NME1 Nucleoside kinase -1.53
7334 UBE2N Non-canonical ubiquitin conjugation -1.69
Proteasome/protein folding/protein turnover
64224 HERPUD2 ER stress; protein folding 2.40
9810 RNF40 E3 ubiquitin ligase 2.37
5685 PSMA4 Proteosome 20S subunit 1.96
55033 FKBP14 Protein folding; peptidyl isomerase 1.83
5684 PSMA3 Proteosome 20S subunit 1.52
10450 PPIE Protein folding; peptidyl -1.59
isomerase
Others
57655 GRAMDI1A Glucosyltransferase 2.86
302 ANXA2 Cytoskeletal stability 2.58
25974 MMACHC Vitamin B12 metabolism 2.43
7957 EPM2A Glycogen metabolism 2.33
65083 NOLG6 Actin binding 2.13
8813 DPMI GPI anchoring 2.08
81929 SEHIL Nuclear pore 2.05
2052 EPHX1 Detoxication of epoxides 2.03
2993 GYPA Glycophorin A 1.98
3423 IDS Lysosomal degradation 1.62
84773 CYHR1 Cysteine rich, binds zinc 1.56
and galectin-3
84992 PIGY GPI biosynthesis -1.59
Mn-responsive genes with unknown function
84830 C60RF105 2.73
85016 C110RF70 2.54
54951 COMMD8 2.33
84304 NUDT22 2.13
83732 RIOK1 2.10
84832 MGC12538 2.05
80346 REEP4 2.04
55127 HEATR1 191
84303 CHCDH6 1.85
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Gene expression changes were categorized according to known biological functions and are listed in order from highest to lowest Z-ratio. Genes

related to cell cycle regulation and DNA repair, apoptosis, cholesterol homeostasis, proteasome/ubiquitin function, protein folding, axonal/
vesicular transport, and inflammation were modulated by Mn exposure. APLP1, amyloid-f precursor-like protein 1.
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Table 2
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Average tissue metal concentrations (£ SEM) measured by inductively coupled plasma mass spectroscopy,

expressed as g metal/g tissue, in the frontal cortex of Mn-exposed and control animals

Mn Cu Fe Zn
Control 020£0.02 3.40+047 3065+480 11.97+1.10
Mn-Treated 0.36+0.05 4.70+056 31.23+3.72 13.16+1.46
p- value 0.04" 0.04" 0.93" 054"

*
p-values for the Mn and Cu measurements were derived using a one-tailed Student’s t-test;

*%

p-values for Fe and Zn measurements were derived using a two-tailed Student’s t-test.
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