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Chronic exposure to manganese (Mn) produces a neurodegen-
erative disorder affecting the basal ganglia characterized by
reactive gliosis and expression of neuroinflammatory genes
including inducible nitric oxide synthase (NOS2). Induction of
NOS?2 in glial cells causes overproduction of nitric oxide (NO) and
injury to neurons that is associated with parkinsonian-like motor
deficits. Inflammatory activation of glia is believed to be an early
event in Mn neurotoxicity, but specific responses of microglia and
astrocytes to Mn during development remain poorly understood.
In this study, we investigated the effect of juvenile exposure to Mn
on the activation of glia and production of NO in C57Bl/6J mice,
postulating that developmental Mn exposure would lead to
heightened sensitivity to gliosis and increased expression of
NOS2 in adult mice exposed again later in life. Immunohisto-
chemical analysis indicated that Mn exposure caused increased
activation of both microglia and astrocytes in the striatum (St),
globus pallidus (Gp), and substantia nigra pars reticulata (SNpr)
of treated mice compared with controls. More robust activation of
microglia was observed in juveniles, whereas astrogliosis was more
prominent in adult mice preexposed during development. Co-
immunofluorescence studies demonstrated increased expression of
NOS?2 in glia located in the Gp and SNpr. Additionally, greater
increases in the level of 3-nitrotyrosine protein adducts were
detected in dopamine- and cAMP-regulated phosphoprotein-
32—positive neurons of the St of Mn-treated adult mice preexposed
as juveniles. These data indicate that subchronic exposure to Mn
during development leads to temporally distinct patterns of glial
activation that result in elevated nitrosative stress in distinct
populations of basal ganglia neurons.
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Manganese (Mn) is an essential nutrient and a cofactor for
multiple enzymes required for normal cellular function in the
central nervous system (CNS), including glutamine synthetase
and pyruvate decarboxylase (Hearn et al., 2003; Martinez-
Hernandez et al., 1977; Takeda, 2003). However, increased
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exposure to Mn through both dietary and inhalation routes leads
to neurotoxicity with subsequent damage to the extrapyramidal
motor nuclei of the basal ganglia (Dorman et al., 2006; Olanow,
2004; Tran et al., 2002). In scenarios of sustained high
exposure, this neurotoxicity can lead to a degenerative motor
disorder, termed manganism, that presents with neurological
symptoms resembling those of Parkinson’s disease (PD;
Yamada et al., 1986). It has been well described in adults ex-
posed in occupational settings such as steel manufactures
(Cowan et al., 2009) and welders (Bowler et al., 2006) that Mn
toxicity progresses from cognitive and psychological deficits at
lower exposures to irreversible neurodegeneration and motor
dysfunction with higher exposures (Albin, 2000; Calne et al.,
1994; Pal et al., 1999; Rodier, 1955).

Much less is known regarding the effects of Mn in the
developing CNS, particularly with respect to the potential risk
posed by exposures early in life that may predispose to later
neurological injury. Varying reports indicate that children
exposed to moderate levels of Mn in drinking water present
with cognitive deficits and hyperactivity (Bouchard et al.,
2007; Wasserman et al., 2006; Woolf et al., 2002). Concerns
regarding dietary exposure are also raised based upon high
levels of Mn in soy-based infant formula (Krachler ef al., 2000)
and by the elevation of brain Mn levels that occurs during
chronic iron deficiency in rodent models (Garcia et al., 2007),
also designated by World Health Organization as a major world
health problem.

Mn toxicity leads to activation of both microglia and
astrocytes that promotes neuronal injury (Henriksson and
Tjalve, 2000; Verity, 1999), but the mechanisms underlying
Mn-induced gliosis are not fully understood. Prior studies of
Mn neuropathology have shown an altered interaction between
neurons and glial cells that contributes to neuronal injury, in
part due to increased production of inflammatory mediators
such as prostaglandins, inflammatory cytokines, and nitric
oxide (NO) by reactive glia (Gonzalez-Scarano and Baltuch,
1999). NO is produced from L-arginine by nitric oxide
synthases (NOS1, 2, and 3), of which the inducible isoform
(NOS2) is highly upregulated in activated astrocytes and
microglia. NOS2 is not constitutively expressed but is rapidly
induced by stimuli such as proinflammatory cytokines (Stuehr
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and Griffith, 1992). Enhanced expression of NOS2 is a pro-
totypic inflammatory response of activated astrocytes, and
previous studies from our laboratory have demonstrated that
Mn strongly potentiates expression of NOS2 and production of
NO in cytokine-primed astrocytes through a signaling mech-
anism involving soluble guanylyl cyclase (sGC), extracellular
signal-regulated kinase (ERK), and the transcription factor
nuclear factor-xB, leading to apoptosis in cocultured neurons
in vitro and during Mn exposure in vivo (Liu et al., 2005, 2006;
Moreno et al., 2008). Less is known regarding the role of
microglial activation in Mn neurotoxicity or about interactions
between microglia and astrocytes that may promote reactive
astrogliosis. Microglia are not uniformly distributed in the
brain and are enriched in several regions including the basal
ganglia (Kim ez al., 2000; Lawson et al., 1990). Activated
microglia produce proinflammatory mediators such as NO,
tumor necrosis factor-o, and interleukin-1f (Carreno-Muller
et al., 2003; Giovannini et al., 2002; Wu et al., 2002), and
specifically, Mn-induced activation in vitro has identified
cyclooxgenase-2 as a key signaling pathway (Bae et al., 2006;
Chang and Liu, 1999). However, the relative contributions of
microglia and astrocytes to increased expression of NOS2 and
induction of nitrosative stress in neurons following exposure to
Mn in vivo are not well understood.

We therefore postulated that exposure to Mn during
development would induce distinct patterns of microglial and
astroglial reactivity that would sensitize nuclei of the basal
ganglia to greater glial expression of NOS2 and induction of
nitrosative stress upon subsequent adult exposures. To ad-
dress this hypothesis, we exposed C57Bl/6]J mice to Mn by
intragastric gavage as juveniles, adults, or both and examined
multiple indices of glial reactivity and neuropathology. These
studies revealed a relatively greater sensitivity of the devel-
oping basal ganglia to Mn-induced activation of both microglia
and astrocytes, which correlated with induction of NOS2 and
increased nitration of neuronal proteins in the striatum (St),
globus pallidus (Gp), and substantia nigra pars reticulata
(SNpr). Early exposure to Mn increased glial reactivity and
enhanced neuronal protein nitration following subsequent adult
exposures, suggesting that early postnatal development repre-
sents a critical window of sensitivity to inflammatory activation
of glia and induction of nitrosative stress in neurons.

MATERIALS AND METHODS

Reagents. All chemical reagents were obtained from Sigma Chemical Co.
(St Louis, MO) unless otherwise stated. C57B1/6J mice were obtained from the
Jackson Laboratory (Bar Harbor, ME). Primary antibodies for glial fibrillary
acidic protein (GFAP) were from DakoCytomation (Carpinteria, CA) and
Sigma. Antibodies for ionized Ca®"-binding adaptor molecule-1 (Iba-1) and
NOS2 were from Wako Chemicals Inc. (Osaka, Japan) and BD Biosciences
(San Jose, CA), respectively. Primary antibodies against 3-nitrotyrosine (3-
NTyr) were from Upstate (Charlottesville, VA), dopamine- and cAMP-
regulated phosphoprotein-32 (DARPP32) and tyrosine hydroxylase (TH) were
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from Chemicon (Burlington, MA), and major microtubule-associated protein 2
(MAP-2) was from Abcam (Cambridge, MA). Horseradish peroxidase—
conjugated secondary antibodies and diaminobenzidine reagents were part of
the Vectastain ABC kit from Vector Labs (Burlingame, CA). Secondary
antibodies labeled with AlexaFluor-488 and -568 were from Invitrogen
(Eugene, OR).

Animal exposure model. C57Bl/6] mice were housed in microisolator
cages (five animals per cage) and kept on 12-h light/dark cycles with access to
laboratory chow and water ad libitum. Littermates from timed pregnant dams
were paired in control and Mn-exposed groups and received 0.9% normal
saline, 10 mg/kg MnCl,, or 30 mg/kg MnCl, via intragastric gavage daily
during the following time periods: juvenile exposure, postnatal days 20-34;
adult exposure, from week 12 to week 20; and juvenile + adult exposure,
postnatal days 20-34 and weeks 12-20 (Supplementary Fig. 1). Previous
studies in our laboratory using this model administered 100 mg/kg Mn to adult
female mice (Liu et al., 2006) for 8 weeks, but pilot studies in juvenile mice
indicated a greater level of sensitivity to the neurological effects of Mn. We
therefore revised the dosing paradigm downward to better test the hypothesis
that low-dose juvenile exposure would potentiate later adult neurotoxicity upon
subsequent exposure. Animals were weighed before each intragastric gavage
and the amount of Mn delivered was adjusted accordingly. Additionally, the
amount of Mn delivered was corrected for the molar concentration in the
tetrahydrate form so as to achieve a precise dose of 10 or 30 mg/kg/day. All
procedures were carried out under an institutional animal care and use
committee—approved protocol at Colorado State University under the care of
veterinary staff at the laboratory animal resources facility.

Immunohistochemistry and immunofluorescence. Mice were anesthe-
tized the day following the last day of saline or Mn gavage for each treatment
group (see Supplementary Fig. 1) by inhalation of isofluorane and perfused
intracardially with 4% paraformaldehyde in 0.1M NaKPO, buffer (pH 7.4).
Tissue was processed for immunohistochemical analysis as published pre-
viously by our laboratory (Liu et al., 2006; Moreno et al., 2008). Briefly, brains
were collected and kept in 4% paraformaldehyde overnight and stored in 0.1M
NaKPO, buffer at 4°C. Paraffin-embedded 10-um coronal serial sections were
examined for protein expression in SNpr, Gp, and St by immunohistochemistry
(IHC) using primary antibodies to GFAP (1:400) and Iba-1 (1:500). Sections
were developed using horseradish peroxidase—conjugated secondary antibodies
and diaminobenzidine reagents from the Vectastain ABC kit. For co-
immunofluorescence studies, sections were incubated with anti-Ibal (1:1000)
or anti-GFAP (1:500) combined with anti-NOS2 (1:100) to examine gliosis.
Antibiodies against MAP-2 (1:500) and DARPP-32 (1:300) were used in
combination with anti-3-NTyr (1:100) to determine the levels of protein
nitration in neurons. Specific protein epitopes were visualized with secondary
antibodies labeled with AlexaFluor-488 or -568 and slides mounted in media
containing 4’,6-diamidino-2-phenylindole dihydrochloride to identify cell
nuclei. Images were acquired using either a Zeiss X20 or X40 air
PlanApochromat objective or a X63 oil objective. Nine individual brain
sections were examined per treatment group, three for each parameter from
three individual animals. Data from individual cells were summed for each
section from six individual fields of view.

Pathological scoring. Glial activation in juvenile and adult mice exposed
to Mn was determined by pathological scoring based on expression of GFAP
for astrocytes and Iba-1 for microglia in 10-um serial sections through the St,
Gp, and SNpr. IHC slides were imaged using a X20 objective for analysis of
astrocytes and X40 objective for analysis of microglia, with six microscopic
fields examined per treatment group with three animals per group. Bright-field
images were acquired from serial sections in each brain region and
independently examined by three researchers, including an anatomic veterinary
pathologist, all of whom were blinded to the treatment groups. Images were
evaluated for quantity and intensity of staining throughout the photomicrograph
of the brain region examined. Treatment groups were assigned an IHC staining
value based on comparison to a known control section from the same brain
region. Two different scoring scales were used in this study. A scale of 1-5 was
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used for GFAP, and as baseline staining was always present in controls, this
level of staining was assigned a value of “1.” Because higher total GFAP levels
were noted in some treatment groups as well as increased intensity of GFAP-
stained cells, increasing values were assigned for scoring those photomicro-
graphs, with the highest and most intense images being scored as “5.” Due to
the paucity of microglial staining in control sections from these brain regions,
a score of “0” was given for the Iba-1 control samples and the most intensely
stained photomicrographs were assigned a value of “3,” reflecting a more
limited phenotypic change for this cell type.

Statistical analysis. Comparison of two means was carried out by
Student’s #-test. Comparison of three or more means was carried out using
one-way ANOVA followed by the Tukey-Kramer multiple comparison post
hoc test using Prism software (v4.0c; GraphPad Software Inc., San Diego, CA).
Pathological scoring data were analyzed by nonparametric one-way ANOVA
and the Kruskal-Wallis post hoc test. For all experiments, alpha level for the
analysis was set at p < 0.05.

RESULTS

Developmental Patterns of Mn-Induced Astrogliosis

Astroglial activation in juvenile and adult mice exposed to
Mn was determined by pathological scoring based on
expression of GFAP in the St, Gp, and SNpr, the three basal
ganglia nuclei most vulnerable to Mn exposure (Josephs et al.,
2005; Liu et al., 2006). There were no apparent changes in the
staining intensity of TH in dopaminergic terminals or soma in
any treatment group (Supplementary Fig. 2). A baseline level
of GFAP expression was detected in each of the nuclei
analyzed: St, Gp, and SNpr (Fig. 1). Mice treated only as
juveniles showed a slight activation at 10 and 30 mg/kg MnCl,
in the St and Gp and a decrease in GFAP staining in the SNpr.
In contrast to juveniles, mice treated only as adults had
a significant increase in staining of GFAP in the SNpr at both
exposure levels, 10 and 30 mg/kg MnCl,. Mice exposed as
juveniles and adults had a significant increase in GFAP staining
in the Gp at 30 mg/kg MnCl, and SNpr at both 10 and 30 mg/
kg MnCl,. No activation of astrocytes was observed in the St in
any treatment group at these doses of Mn. Intense GFAP
staining was detected in both the Gp and the SNpr of 30 mg/kg
MnCl,-treated mice exposed as juveniles + adults, with both
brain regions containing astrocytes undergoing hyperplasia
(Fig. 1 and Table 1).

Developmental Patterns of Mn-Induced Microgliosis

Activation of microglia was similarly examined by patho-
logical scoring in the St, Gp, and SNpr, based on the
expression of Iba-1 and cellular morphology of microglia
(Fig. 2). An increase in activation of Iba-1—positive microglia
was observed only in juvenile mice and occurred at both 10 and
30 mg/kg MnCl, (Table 2). Microglia in Mn-treated juvenile
mice showed a retraction and thickening of cytoplasmic
processes consistent with an activated amoeboid phenotype
(Fig. 2). Juvenile animals exposed to 10 and 30 mg/kg MnCl,
had significantly higher pathology scores for Iba-1 staining
than control animals in each brain region examined. Mice
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FIG. 1. Differential exposure to Mn in juvenile and adult C57B1/6] mice
induces distinct patterns of astrogliosis in the basal ganglia. Mice were exposed
to 0, 10, or 30 mg/kg MnCl, by daily intragastric gavage as juveniles, adults, or
both juveniles and adults. Multiple brain regions in the basal ganglia were
assessed for activation of astroglia by immunohistochemical staining for GFAP
including the St, Gp, and SNpr. Representative images of the SNpr are depicted
for control mice and mice exposed to 30 mg/kg MnCl, as (A) juveniles, (B)
adults, and (C), both juveniles and adults. Scale bar = 10 um.

exposed only as adults had significantly increased Iba-1
staining at the highest exposure (30 mg/kg MnCl,) compared
with controls. No Iba-1 staining was observed in adult mice
pretreated as juveniles (Table 2).

Mn Exposure Increases Expression of NOS2 in Astroglia

The expression of NOS2 was examined as a neuroinflamma-
tory marker in activated astrocytes by co-immunofluorescence
(Fig. 3). Expression of NOS2 was increased in GFAP-positive
cells in Mn-treated animals compared with controls in the SNpr
of each exposure group: juvenile, adult, and juvenile + adult,
depicted in Figures 3A—C. Treatment with 30 mg/kg MnCl,
caused astrocyte hypertrophy and stress fiber formation in each
exposure group (Figs. 3A—C). Quantification of the number of
NOS2-positive astrocytes as a percentage of the total number
of GFAP-positive cells indicated that NOS2 expression
increased significantly in activated astrocytes in mice exposed
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FIG. 2. Differential exposure to Mn in juvenile and adult C57B1/6J mice
induces distinct patterns of microgliosis in the basal ganglia. Mice were
exposed to 0, 10, or 30 mg/kg MnCl, by daily intragastric gavage as juveniles,
adults, or both juveniles and adults. Multiple brain regions in the basal ganglia
were assessed for activation of microglia by immunohistochemical staining for
Iba-1 including the St, Gp, and SNpr. Representative images of the SNpr are
depicted for control mice and mice exposed to 30 mg/kg MnCl, as (A)
juveniles, (B) adults, and (C) both juveniles and adults. Arrowheads indicate
cell bodies. Scale bar = 10 pm.

as juveniles to 30 mg/kg MnCl, in the St, Gp, and SNpr
(Fig. 4A). Mice exposed to 30 mg/kg MnCl, solely as adults
had an increase in astrocytic NOS2 expression only in the Gp
and SNpr but not in the St (Fig. 4B). Interestingly, mice
exposed as both juveniles and adults had significantly
increased NOS2 expression in the GFAP-positive cells at both
10 and 30 mg/kg MnCl, (Fig. 4C), whereas mice exposed only
as adults showed no change in astrocytic expression of NOS2
at 10 mg/kg MnCl,.

Mn Exposure Increases Expression of NOS2 in Microglia

Microglia were also examined for expression of NOS2 in the
Gp, St, and SNpr of control and Mn-treated juvenile and adult
mice. Representative images from the SNpr are presented in
Figure 5 for each group of mice following exposure to O or 30
mg/kg MnCl,. Microglia in sections from control mice had
a ramified phenotype with multiple fine processes characteristic
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FIG. 3. Activated astrocytes in C57B1/6J mice express NOS2 following
differential exposure to Mn as juveniles and adults. Astroglial expression of
NOS2 was assessed via co-immunofluorescence in multiple regions of the basal
ganglia from mice exposed to Mn. Representative images of the SNpr are
presented from control mice and those treated with 30 mg/kg MnCl, as (A)
juveniles, (B) adults, and (C) both juveniles and adults. Images of GFAP and
NOS2 expression are shown in green and red channels, respectively, and cell
nuclei are highlighted by staining with 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI) in blue. Yellow areas in merged images indicate
colocalization of NOS2 expression in GFAP-positive astrocytes in mice
exposed to Mn. Scale bar = 10 pm.

of resting cells and were without evident expression of NOS2
(Figs. 5A—C). In contrast to microglia in control mice, Iba-1—
positive cells in mice exposed to 30 mg/kg MnCl, showed an
activated phenotype characterized by a thickened, amoeboid
appearance with fewer cytoplasmic processes and marked
expression of NOS2. Quantification of the percent of total Iba-
1-positive cells coexpressing NOS2 in each treatment group is
presented in Figure 6. Mice exposed to Mn as juveniles had
increased numbers of Iba-1—positive cells in the St at 30 mg/kg
MnCl, and in the Gp and SNpr at both 10 and 30 mg/kg MnCl,
(Fig. 6A). In mice exposed to Mn only as adults, the percent of
Iba-1-positive cells coexpressing NOS2 was increased only in
the SNpr at 30 mg/kg MnCl, (Fig. 6B). In the absence of juvenile
preexposure, adult exposure to Mn did not result in increased
microglial expression of NOS2 at either 10 or 30 mgkg
MnCl, in the St and Gp. Mice receiving Mn exposure as
juveniles + adults showed an increase in NOS2 expression in
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FIG. 4. Quantitative analysis of NOS2 expression in GFAP-positive
astrocytes reveals regionally and developmentally distinct patterns of astroglial
reactivity following exposure to Mn. The percent of GFAP-positive astrocytes
expressing NOS2 was determined in mice exposed to 0, 10, or 30 mg/kg MnCl,
by daily intragastric gavage as (A) juveniles, (B) adults, and (C) both juveniles
and adults in the St, Gp, and SNpr. Three serial sections were stained for each
brain region per hemisphere from an average of three mice per treatment group.
For quantitative cell counts, three microscopic fields were evaluated per brain
region from each serial section, totaling n = 9 per treatment group. Data represent
the mean percentage of GFAP-positive astrocytes expressing NOS2. Different
letters denote significant differences between treatment groups, p < 0.05.

Iba-1—positive cells at both 10 and 30 mg/kg MnCl, in all three
brain regions examined, the St, Gp, and SNpr (Fig. 6C).

Developmental Exposure to Mn Increases Adult Susceptibility
to Neuronal Protein Nitration

To determine the effects of increased glial expression of
NOS2 on neurons, formation of neuronal 3-NTyr protein
adducts was evaluated by immunofluorescence as an indicator
of NO production and peroxynitrite (ONOO™) formation,
a measure of nitrosative stress and neuronal injury. Neurons
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FIG. 5. Activated microglial cells in C57B1/6]J mice express NOS2
following differential exposure to Mn as juveniles and adults. Microglial
expression of NOS2 was assessed via co-immunofluorescence in the St, Gp,
and SNpr from mice exposed to Mn. Representative images of the SNpr are
presented from control mice and those treated with 30 mg/kg MnCl, as (A)
juveniles, (B) adults, and (C) both juveniles and adults. Images of Iba-1 and
NOS2 expression are shown in green and red channels, respectively, and cell
nuclei were highlighted by staining with 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI) in blue. Merged images indicate colocalization of
NOS2 expression in Iba-1—positive microglia in mice exposed to Mn. Scale
bar = 10 pum.

were identified by staining with the general neuronal marker,
MAP-2, and colocalization was determined by overlaying
images of 3-NTyr and MAP-2. Figure 7 depicts representative
images from the SNpr of each treatment group of mice at 0 and
30 mg/kg MnCl,. Only low levels of 3-NTyr adducts were
detected in control juvenile or adult animals (Figs. 7A-C,
0 mg/kg MnCl, panels), whereas exposure to 30 mg/kg MnCl,
resulted in large increases in immunofluorescence staining for
3-NTyr protein adducts in MAP-2—positive neurons in the
SNpr, primarily in soma but also in the neuropil and dendrites
(Figs. 7A-C, 30 mg/kg MnCl, panels). Quantification of 3-
NTyr protein levels in MAP-2—positive neurons was carried
out by obtaining the ratio of fluorescence intensity of 3-NTyr to
MAP-2 in all three exposure groups. Although some level of 3-
NTyr staining was detected even in control sections, levels of
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FIG. 6. Quantitative analysis of NOS2 expression in Iba-1-positive
microglial cells reveals regionally and developmentally distinct patterns of
microglial reactivity following exposure to Mn. The percentage of Iba-1—
positive microglia expressing NOS2 was determined in mice exposed to 0, 10,
or 30 mg/kg MnCl, by daily intragastric gavage as (A) juveniles, (B) adults,
and (C) both juveniles and adults in the St, Gp, and SNpr. Three serial sections
were stained for each brain region per hemisphere from an average of three
mice per treatment group. For quantitative cell counts, three microscopic fields
were evaluated per brain region from each serial section, totaling n = 9 per
treatment group. Data represent the mean percentage of Iba-1-positive
microglia expressing NOS2. Different letters denote significant differences
between treatment groups, p < 0.05.

3-NTyr protein adducts were increased in the Gp and SNpr of
juvenile mice exposed to 30 mg/kg MnCl, (Fig. 8A), in the Gp
of mice exposed only as adults to 30 mg/kg MnCl, (Fig. 8B),
and in the SNpr of mice exposed as both juveniles and adults
(Fig. 8C). The regional pattern of neuronal 3-NTyr formation
appeared to depend on the age at which the animals were
exposed to Mn, as well as the time point at which analysis of
protein nitration was carried out.

Protein nitration was also examined in the St by co-
immunofluorescence for 3-NTyr protein adducts and DARPP-
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FIG. 7. Mn exposure increases levels of 3-NTyr protein adducts in basal
ganglia neurons. To detect modification of neuronal proteins by peroxynitrite
(ONOO™) derived from increased production of NO by activated glia, serial
sections from the SNpr of (A) juvenile, (B) adult, and (C) both juvenile and
adult mice exposed to 0 and 30 mg/kg MnCl, were stained with antibodies
against the general neuronal marker MAP-2 (green) and 3-NTyr (red) and were
counterstained with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) to
identify cell nuclei (blue). Representative images of 3-NTyr—modified proteins
indicate colocalization of 3-NTyr adducts with both neuronal soma and
dendrites in the SNpr of Mn-treated juvenile mice. Scale bar = 10 pm.

32, a marker for striatal neurons expressing D1 and D2
dopamine receptors (Reiner et al., 1998, Fig. 9). Quantification
of 3-NTyr protein levels in DARPP-32—positive neurons was
carried out by obtaining the ratio of fluorescence intensity of 3-
NTyr to DARPP-32 in all three exposure groups. No change in
protein nitration was detected in DARPP-32—positive striatal
neurons in either juvenile or adult mice exposed to 30 mg/kg
MnCl, (Figs. 9A and 9B), but increases in 3-NTyr adducts
were evident in mice exposed to 30 mg/kg MnCl, as both
juveniles and adults (Fig. 9C).

DISCUSSION

Neuroinflammation is now recognized as an important
determinant of neuronal injury in diverse neurodegenerative
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FIG.8. Quantitative analysis of 3-NTyr adducts indicates that modification
of neuronal proteins by peroxynitrite correlates with regional patterns of glial
activation and NOS2 expression. Specific brain regions were evaluated for
colocalization of MAP-2 and 3-NTyr by immunofluorescence in control mice
and those exposed to 30 mg/kg MnCl,. Graphs indicate quantification of levels
of 3-NTyr protein adducts in neurons from St, Gp, and SNpr of mice exposed
as (A) juveniles, (B) adults, and (C) juveniles and adults. Three serial sections
were stained for each brain region per hemisphere from an average of three
mice per treatment group. For quantitative cell counts, three microscopic fields
were evaluated per brain region from each serial section, totaling n = 9 per
treatment group. Data indicate increased protein nitration in the neurons of the
Gp and SNpr. Different letters denote significant differences between
treatments, p < 0.05.

conditions, including Alzheimer’s disease (AD), PD, and
manganism. Within the basal ganglia, the St receives most of
the input from motor neurons, whereas the Gp and SNpr are the
two major output nuclei (Saka er al., 2002). In the present
studies, it was found that both the St-pallidum and the
substantia nigra had elevated Mn that correlated with
alterations in locomotor function and changes in levels of
striatal catecholamines (Moreno et al., 2009, this issue). Prior
studies in our laboratory demonstrated that 100 mg/kg MnCl,
causes astrogliosis and increased expression of NOS2 that
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FIG. 9. Quantitative analysis of 3-NTyr adducts indicates that modification
of specific striatal neuronal proteins by peroxynitrite correlates with regional
patterns of glial activation and NOS2 expression. Striatal neurons were
evaluated for colocalization of DARPP-32 and 3-NTyr by immunofluorescence
in control mice and those exposed to 30 mg/kg MnCl,. Graphs indicate
quantification of levels of 3-NTyr protein adducts in neurons from St of mice
exposed as (A) juveniles, (B) adults, and (C) juveniles and adults. Three serial
sections were stained for each brain region per hemisphere from an average of
three mice per treatment group. For quantitative cell counts, three microscopic
fields were evaluated per brain region from each serial section, totaling n = 9
per treatment group. Data indicate increased protein nitration in the neurons of
the juvenile + adult exposure group. Different letters denote significant
differences between treatments, p < 0.05.

correlates with neuronal injury in the striatal-pallidal system in
adult mice exposed via intragastric gavage (Liu et al., 2006).
The present studies expanded upon this finding to examine the
role of gliosis in developmental vulnerability to neuroinflam-
matory injury due to Mn using lower doses of Mn, 10 and 30
mg/kg, to assess the sensitivity of the developing mice to the
neurological effects of Mn during a critical time period for
striatal development in rodents (Soiza-Reilly and Azcurra,
2009).

Developmental exposure to Mn resulted in an increase in
microglial activation in young mice and enhanced neuro-
inflammation and nitrosative stress in adult mice that were
preexposed to Mn as juveniles. Greater inflammatory activation
of glia was accompanied by increased expression of NOS2 and
more extensive neuronal protein nitration throughout the basal
ganglia. Increased protein nitrotyrosine adducts in DARPP-32—
expressing striatal neurons in adult mice preexposed as
juveniles (Fig. 9) is a particularly interesting finding that may
help to explain some of the known behavioral and neurochem-
ical deficits ensuing from chronic Mn exposure in the context
of regional neuroinflammation.

Juvenile exposure to Mn caused an increase in microgliosis
at both 10 and 30 mg/kg MnCl, but not in mice exposed as
both juveniles and adults, whereas increased activation of
astrocytes was only detected in adult animals, suggesting a
requirement for prior activation of microglia in promoting
astroglial activation following Mn exposure (Tables 1 and 2). It
should be noted that the basal levels of GFAP staining (Table 1)
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TABLE 1
Pathological Scoring of Astrogliosis in Specific Brain Regions of
Mice Exposed to Mn: GFAP*

Time of Treatment (MnCl,

exposure in mg/kg) Gp St SNpr

Juvenile 0 3.5+0.26 1+£033 35+0.07
10 39007 1.8x0.11 32=x0.06
30 36+0.11 14+£006 24=+0.04*

Adult 0 26+0.19 03x0.13 05=x0.16
10 35+035 1.8+0.08*% 4.1 +0.04*
30 32+023 1.3+0.05% 34 +0.24%*

Juvenile + adult 0 25+0.12 13+0.06 1.0+0.0
10 2.1 £004 1.0x002 1.8+0.04*
30 39 +0.15% 1.8 +£0.07 2.8 +0.06*

Note. Data shown are mean + SEM (n > 3). Significance compared with
controls within a specific brain region (Gp, St, or SNpr) per exposure group is
denoted by ““*”* (p < 0.05).

“Normal astrocyte = 1; activated astrocyte = 5.

were scored as activated astrocytes that could be due to
astrocytes being in a proliferative state during the initial
juvenile exposure to Mn, increasing GFAP staining (Rice and
Barone, 2000). It was previously reported that microglia
activate before astrocytes during brain injury (Norton, 1999),
and the data reported here seemed at first to be at odds with this
model because mice exposed only as adults did have activated
microglia at 30 mg/kg MnCl, but the juvenile + adult exposure
group did not. However, it is important to note the temporal
nature of microglial activation, which occurs rapidly after stress
and injury and then subsides, followed by astrocyte activation
(Liberatore et al., 1999). Thus, it is likely that the initial stress
response to Mn in adult animals without prior exposure as
juveniles resulted in a robust microglial response, as well as

TABLE 2
Pathological Scoring of Microgliosis in Specific Brain Regions of
Mice Exposed to Mn: IBA-1¢

Time of Treatment (MnCl,

exposure in mg/kg) Gp St SNpr

Juvenile 0 033+0.09 00x0.0 0.67+0.06
10 1.5 £ 0.06% 1.3 =0.04* 1.6 =0.06*
30 1.4 +0.08% 1.2 +0.06% 1.3 *0.13*

Adult 0 0.8+0.13 08+0.16 0.86 =0.05
10 1.5+0.17 1.7+0.08 0.6 +0.08
30 2.8 +0.10% 2.7x0.1* 22 =+0.07*

Juvenile + adult 0 0.8+0.08 05+0.05 1.1=+0.03
10 06+0.11 05=+0.11 1.1+0.03
30 0.5+0.30 1.10+0.09 1.7 +0.09

Note. Data shown are mean + SEM (n > 3). Significance compared with
controls within a specific brain region (GP, ST, or SNpr) per exposure group is
denoted by ““*”’(p < 0.05).

“No microglia = 0; activated microglia = 3.
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detectable astrogliosis, whereas adult mice with previous
exposure to Mn as juveniles were sensitized to exposure but
had likely progressed beyond the initial phases of injury and
microglial activation to a later-stage lesion with only activated
astroglia remaining detectably increased. This phenomenon of
adult mice preexposed as juveniles having astrogliosis but not
microgliosis occurred specifically in both the SNpr and the Gp,
indicating that these nuclei are highly susceptible to Mn
neurotoxcity and are shown to accumulate the highest levels of
Mn (data in companion article, this issue), which may help to
explain the increase in gliosis, NOS2 expression, and protein
nitration observed in these brain regions.

Multiple in vitro and in vivo studies identify NOS2 as a key
inflammatory gene involved in Mn neurotoxicity (Bae et al.,
2006; Liu et al., 2006; Moreno et al., 2008), but little is known
about region- and cell-specific NOS2 expression in glia during
developmental exposure to Mn. Increased NOS2 protein
expression was detected in astrocytes in each of the three
brain regions examined in juvenile mice exposed to 30 mg/kg
MnCl, but only in the Gp and SNpr of mice in the adult
exposure group (Figs. 3 and 4). Unlike the juvenile and adult-
only exposure groups, mice exposed as juveniles and again as
adults had a significant increase in NOS2 expression in
astrocytes in both the Mn treatment groups, indicating that
prior exposure to Mn causes an increase in NOS2 expression in
astrocytes at a lower dose of Mn, indicative of an enhanced
neuroinflammatory response to secondary exposure. Expres-
sion of NOS2 was detected in greater numbers of astrocytes
and microglia in the juvenile + adult exposure group than
would be predicted by merely examining levels of GFAP and
Iba-1 as phenotypic markers of activation, suggesting that
expression of neuroinflammatory genes is greater in adult
animals previously exposed as juveniles than in naive adults
and that expression of NOS2 does not correlate precisely with
increased levels of other phenotypic markers. Control levels of
NOS2 expression appeared to be somewhat higher in microglia
from naive adult animals than in those preexposed as juveniles
(Fig. 6); however, these represent different treatment para-
digms and the relative increase in the number of microglia
expressing NOS2 was much greater in adults preexposed as
juveniles.

Pathological scoring for microglial activation also revealed
interesting differences in adult animals. Juvenile and adult mice
showed an increased pathological score for microglial
activation. Juvenile mice were sensitive at both 10 and 30 mg/
kg MnCl,, whereas microglia were activated in adult mice only at
30 mg/kg MnCl, (Table 2). However, the number of Iba-
1-positive cells was extremely small in the SNpr of control adult
mice (~5-6 cells per section, per region) and of those Iba-
1-positive cells, about 35-50% coexpressed NOS2 (Fig. 6B),
somewhat enhancing the apparent microglial response in adult
animals, relative to juveniles. The percent of Iba-1—positive cells
coexpressing NOS2 was significantly increased with Mn exposure
equally for 10 and 30 mg/kg MnCl, in the juvenile + adult
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group, unlike the GFAP response, in which only the 30 mg/kg
dose group expressed NOS2. These data indicate that microglia
are highly sensitive to activation at lower dose of Mn (10 mg/kg)
than astrocytes, suggesting that early activation of microglia may
be required for subsequent and sustained activation of astrocytes
in mice exposed as adults. This paradigm is consistent with
previous studies reporting that microglia exposed to Mn secrete
inflammatory cytokines (Chang and Liu, 1999; Filipov et al.,
2005; Liu et al., 2009) that can promote activation of astrocytes
with subsequent release of NO and prostaglandins (Hirsch et al.,
1998; Moreno et al., 2008; Spranger et al., 1998). Thus, early
activation of microglia may also help to explain the enhanced
sensitivity to Mn in the basal ganglia and the magnification of
subsequent astroglial inflammatory responses to additional
exposures.

Glial cells are essential for the survival of neurons and play
a vital role in the uptake of glutamate, glycine, and y-amino-
butyric acid, and in antioxidant defense, via astrocytic
production of glutathione (Aschner, 1998; Aschner et al.,
1994; Pekny and Nilsson, 2005). Deprecations in these and
other trophic functions in reactive glia may act in concert with
overproduction of inflammatory mediators to impair neuronal
homeostasis. Excessive levels of NO produced by glia react
with superoxide to form peroxynitrite, a potent neurotoxin
(Huie and Padmaja, 1993; Koppenol et al., 1992) that nitrates
protein tyrosine residues (Ischiropoulos, 2003) and is associ-
ated with neuronal injury in a number of neurological
disorders, including ischemia, AD, and PD (Carbone et al.,
2008; Hensley et al., 1998; Ma et al., 2007). Co-immunoflu-
orescence studies (Figs. 7 and 8) indicated that juvenile mice
were the most susceptible to neuronal 3-NTyr protein
formation in the Gp and SNpr, whereas the SNpr was
vulnerable in the preexposed adult group. These results give
insight into the brain regions most susceptible to glial-induced
injury to the neurons and that young mice were more
vulnerable than adults preexposed as juveniles.

Striatal DARPP-32—positive neurons were also vulnerable to
Mn-induced nitrosative stress, where 3-NTyr protein adducts in
DARPP-32—expressing striatal neurons were increased in adult
mice preexposed as juveniles (Fig. 9). Because these neurons
project to both the Gp and the SNpr (Reiner et al., 1998),
protein nitration and subsequent neuronal injury and dysfunc-
tion could disrupt pathways in the basal ganglia essential to the
coordination of motor function. It has been suggested in related
work that nitration of dopaminergic neurons may occur in late
models of basal ganglia injury (Kuhn ef al., 2004), which is
perhaps why the increase of 3-NTyr expression in DARPP-32—
positive neurons was only detected in adult mice preexposed as
juveniles.

These studies demonstrate that mice exposed to moderate
levels of Mn by intragastric gavage at a young age,
approximately equivalent to a 2-year-old child during the
initial day of the juvenile exposure (day 21) up to young
adulthood on day 35 (Dobbing and Sands, 1979; Flurkey et al.,
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2007; Koop et al., 1986), are highly vulnerable to activation of
microglia and astrocytes, expression of NOS2, and overall 3-
NTyr expression. In addition, these data indicate that juvenile
exposure to Mn enhances the susceptibility to a neuroinflam-
matory phenotype in adult mice upon re-exposure and leads to
increased tyrosine nitration of DARPP-32—positive neurons in
the striatum, as well as general neuronal protein nitration in the
SNpr. Thus, early postnatal development appears to be a critical
window of sensitivity to Mn exposure that may promote more
severe glial responses and neuroinflammation in the basal
ganglia upon subsequent exposure during aging.
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