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The neurological sequelae of chronic Mn exposure include
psychiatric, cognitive, and motor deficits, suggesting the potential
involvement of multiple neurotransmitter systems and brain
regions. Available evidence in rodents suggests that Mn causes
dysregulation of glutamatergic and <y-aminobutyric acidergic
(GABAergic) neurotransmitter systems. However, this has never
been studied comprehensively in the nonhuman primate brain.
Cynomolgus macaques were given weekly i.v. injections of 3.3-5.0
mg Mn/kg, 5.0-6.7 mg Mn/kg, or 8.3-10.0 mg Mn/kg for 7-59
weeks. Total glutamate, glycine, and GABA concentrations were
measured by high performance liquid chromatography (HPLC)
with fluorescence detection in 13 brain areas in Mn-treated and
control monkeys. Neurotransmitter concentrations did not change
with chronic Mn exposure. Quantitative autoradiography of the
N-methyl-p-aspartate receptor, the GABAa receptor, and gluta-
mate transporters was used to assess their regional distribution.
Each of these neurotransmitter receptors remained almost
universally unchanged with Mn treatment. Inmunohistochemical
analysis of glutamine synthetase (GS) demonstrated a selective
Mn-induced decrease in the globus pallidus, which could
potentially alter synaptic and/or astrocytic levels of glutamate.
This study shows that in nonhuman primates with previous
documentation of Mn-induced brain pathology, the glutamatergic
and GABAergic systems appear to be mostly unaffected by
chronic Mn exposure with the exception of reduced GS expression
in the globus pallidus.
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Manganese (Mn) is a naturally occurring element that is an
essential nutrient, and cofactor for certain metalloenzymes
required for normal cellular homeostasis (Aschner and
Aschner, 2005). Although Mn consumption is necessary in
humans, excessive exposure is associated with adverse
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psychiatric, cognitive, and motor effects. Increased human
exposures to Mn occur in a variety of settings. For example,
excessive Mn exposure occurs in occupations such as
ferroalloy smelting (Mergler et al., 1994), welding (Bowler
et al., 2003), mining (Montes et al., 2008; Rodriguez-Agudelo
et al., 2006), battery assembly (Bader et al., 1999), and the
manufacture of glass and ceramics (Srivastava et al., 1991).
Iatrogenic exposure to manganese may occur to individuals
receiving total parenteral nutrition (Hardy et al., 2008; linuma
et al., 2003). Medical conditions such as liver failure have also
been shown to accumulate Mn in the brain (Brunberg et al.,
1991). Furthermore, the use of methylcyclopentadienyl man-
ganese tricarbonyl as a gasoline anti-knock agent has raised
concerns over potential increased environmental Mn exposures
to the general population (Gulson et al., 2006).

The neurological sequelae of exposure to high levels of Mn
occur in stages. The early phase of Mn intoxication involves
a psychiatric component, characterized in part by irritability,
apathy, and psychosis, and is sometimes called Mn mania
(Mergler and Baldwin, 1997). Deficits in measures of executive
function, such as short-term memory and computational ability,
are also early manifestations of Mn neurotoxicity (Lucchini
et al., 1995). Characteristics of the late phase of Mn intox-
ication include dystonia, rigidity, and gait abnormalities
(Lucchini et al., 1999).

Magnetic resonance imaging studies are in agreement that
Mn accumulates to a large extent in the globus pallidus (Hauser
et al., 1996; Josephs et al., 2005). The globus pallidus and
related basal ganglia structures have therefore been a focus of
the preponderance of the research efforts on Mn neurotoxicity.
Several nonhuman primate studies show that Mn accumulates
in other brain areas but not to the same extent as the globus
pallidus (Bock et al., 2008; Dorman et al., 2006; Guilarte ef al.,
2006b). Examination of other brain regions may elucidate
possible mechanisms by which Mn produces its early effects.

There is a persistent notion in the literature that a component
of Mn neurotoxicity may be mediated by dysregulation of
excitatory glutamatergic and inhibitory y-aminobutyric acid
(GABA) neurotransmission. Early evidence for this hypothesis
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TABLE 1
Animal Exposure Parameters

Animal ID Dose level (MnSOy,) Dose level (Mn) Dosing interval Exposure duration (weeks) Cumulative MnSO,4 Cumulative Mn
75W 10-15 mg/kg 3.3-5.0 mg/kg 1/week 44 455 mg/kg 151.7 mg/kg
144T 10-15 mg/kg 3.3-5.0 mg/kg 1/week 50 515 mg/kg 171.7 mg/kg
107-705 10-15 mg/kg 3.3-5.0 mg/kg 1/week 42 500 mg/kg 166.7 mg/kg
3154 10-15 mg/kg 3.3-5.0 mg/kg 1/week 45 515 mg/kg 173.8 mg/kg
3114 15-20 mg/kg 5.0-6.7 mg/kg 1/week 46 635 mg/kg 206.4 mg/kg
7782 15-20 mg/kg 5.0-6.7 mg/kg 2/week” 27 435 mg/kg 141.4 mg/kg
9093 15-20 mg/kg 5.0-6.7 mg/kg 2/week? 59 770 mg/kg 250.8 mg/kg
7469 15-20 mg/kg 5.0-6.7 mg/kg 2/week 32 525 mg/kg 170.7 mg/kg
000-8001 15-20 mg/kg 5.0-6.7 mg/kg 2/week* 34 535 mg/kg 173.9 mg/kg
001-1099 15-20 mg/kg 5.0-6.7 mg/kg 2/week” 32 535 mg/kg 173.9 mg/kg
7839 25-30 mg/kg 8.3-10.0 mg/kg 2/week 38 640 mg/kg 218.3 mg/kg
6697 25-30 mg/kg 8.3-10.0 mg/kg Bolus, 2/week” 7 206 mg/kg 68.3 mg/kg
7426 25-30 mg/kg 8.3-10.0 mg/kg Bolus, 2/week” 15 340 mg/kg 113.3 mg/kg

Note. Dosing schedule and cumulative doses for Mn-exposed animals used in this study.
“For animals receiving a weekly dose as two injections, the total weekly dose was split and administered on two different occasions.

stems from studies conducted two decades ago in which it was
shown that chronic Mn administration to rodents produced an
increase in striatal GABA concentrations (Gianutsos and
Murray, 1982) and altered the levels of glutamic acid
decarboxylase (Lai et al., 1981), the enzyme that converts
glutamate to GABA. Since then, a series of rodent studies from
several laboratories suggested that Mn exposure increases brain
glutamate and GABA concentrations (Gwiazda et al., 2002;
Lipe et al., 1999; Reaney et al., 2006) while other studies
suggest opposite effects (Brouillet et al., 1993; Seth et al.,
1981; Zwingmann et al., 2007). Other research suggests that
chronic Mn exposure in rodents has no effect on amino acid
neurotransmitter concentrations in the corpus striatum (Bonilla
et al., 1994).

There is much more limited data available on the effect of
chronic Mn exposure in nonhuman primates and its effects on
the glutamatergic and GABAergic systems. For example, it
was shown that over two years of repeated monthly injections
of Mn does not alter GABAa receptor density (Eriksson et al.,
1992). Other studies showed that nonhuman primates exposed
to Mn via inhalation for 13 weeks did not have altered total
glutamate or GABA tissue levels in the globus pallidus,
caudate, and putamen (Struve et al., 2007). However, in several
brain regions of the same animals, they noted increased mRNA
expression and decreased protein levels of GLAST and GLT-1—
the two main astrocytic glutamate transporters—and glutamine
synthetase (GS), the enzyme that converts glutamate to gluta-
mine (Erikson et al., 2007).

Given the contradictory data available from rodent studies,
and the paucity of experiments conducted in nonhuman
primates, a comprehensive study is warranted on the effect of
chronic Mn exposure on the glutamatergic and GABAergic
neurotransmitter systems and their receptors and transporters
throughout the brain. Therefore, we used a model of chronic

Mn exposure in nonhuman primates to evaluate the potential
effects on these systems. The current study is part of
a multidisciplinary effort to characterize the behavioral,
neuroimaging, neuropathological and neurochemical conse-
quences of chronic Mn exposure in nonhuman primates. This
report provides data that indicates a Mn-induced deficit in GS
levels in the globus pallidus that could potentially alter
astrocytic or synaptic levels of glutamate.

MATERIALS AND METHODS

Mn administration and animal care. Young adult male Cynomolgus
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 Committees. Treated animals
received intravenous injections of manganese sulfate (3.3-5.0 mg Mn/kg, n =
4, 44-50 weeks; 5.0-6.7 mg Mn/kg, n = 5, 27-59 weeks; or 8.3-10 mg Mn/kg,
n = 2, 15, and 38 weeks) into the saphenous vein under 1-3% isoflurane
anesthesia approximately once or twice per week (see Table 1). Separate reports
of neuroimaging data from this cohort of animals include two additional Mn-
exposed animals, #6697 and #7782. However, post-mortem analysis could not
be performed on these two animals due to lack of tissue availability. These
animals, in addition to four naive animals of the same age and two animals that
went through behavioral and imaging protocols but did not receive Mn
injections, were euthanized by ketamine injection (20-30 mg/kg) followed by
an overdose of pentobarbital (100 mg/kg) and the brains were harvested. Brain
tissue from the animals used in this work has been used in multiple studies. In
some animals, therefore, prior sampling has limited the availability of tissue for
some of the experiments in the current study.

Brains were harvested 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. The left hemisphere was
immediately frozen on dry ice, and stored at —80°C until use for metals and
neurotransmitter analysis or quantitative autoradiography of neuroreceptors and
transporters. The 0.4 cm slabs from the left hemisphere were sectioned at
20 pm and thaw-mounted onto slides. The slides were then stored at —80°C
until use. The right hemisphere was post-fixed in paraformaldehyde and used
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for immunohistochemistry. Fifty-micron sections were prepared free-floating
on a freezing microtome and stored in 50% glycerol at —20°C until use.

High-performance liquid chromatography—fluorescence detection of
glutamate, glycine, and GABA in brain tissue. Multiple brain areas were
assayed for concentrations of glutamate, GABA, and glycine using an high-
performance liquid chromatography (HPLC) (Shimadzu North America,
Columbia, MD) system with fluorescence detection. Each sample was assayed
according to a modification of a previously described protocol (Guilarte, 1989).
A 50mM internal standard homoserine stock solution was prepared in 50%
methanol. The homogenization solution was prepared by diluting this internal
standard solution 1:20 in absolute methanol. Tissue from each brain area was
processed independently, and the samples were assayed immediately following
processing. Tissue samples were sonicated with 10, 1-s pulses in homogeni-
zation solution in a volume (in pl) 10 times that of the sample mass (in mg).
The disrupted tissue was then centrifuged at 27,000 X g at 4°C for 5 min, and
the resulting supernatant was filtered through Phenex 4 mm nonsterile 0.2-pm
nylon syringe filters. The samples were then stored at 4°C until HPLC analysis
on the same day. Derivatizing solution was prepared by mixing 65.5 mg
O-phthaldialdehyde, 100 pl of f-mercaptoethanol, and 2.5 ml of methanol, and
the volume was brought up to 25 ml with 0.1M sodium tetraborate, pH 9.1. The
derivatizing solution was used within 5 days of preparation. The processed
samples were diluted 1:1 in cold absolute methanol. Fifty microliters of the
filtered diluent was added to 200 pl of derivatizing solution. The samples were
vortexed and allowed to react for 2.5 min, and 20 pl was injected onto
the HPLC. The HPLC system consisted of an isocratic pump (LC-20AT,
Shimadzu; flow rate 0.75 ml/min), a SIL-9A injector (Shimadzu), a 5 pm C18
(4.6 X 150 mm) reverse-phase column, and a fluorescence detector (RF-535,
Shimadzu; excitation 330 nm, emission 418 nm). The mobile phase consisted of
65% 0.1M sodium phosphate, pH 5.5, and 35% methanol. Amino acids in the
biological samples were identified by comparison of their retention times to that
of the individual standards. The ratio of the area under the curve for a given
amino acid to that of the internal standard was determined. This ratio was
compared with the ratio derived from injecting the standards alone, and the
concentrations for individual amino acids in biological samples were calculated.

Quantitative autoradiography of GABAa receptors, N-methyl-D-aspartate
receptors and glutamate transporters. Slides were thawed and warmed on
a slide warmer at 37°C for 30 min. For GABAa receptor autoradiography, brain
sections were then equilibrated in 50mM Tris citrate buffer, pH 7.1, three times
for five minutes each (Pan et al., 1983). Binding sites for muscimol were
labeled in buffer containing 20nM [*H]-muscimol (36.6 Ci/mmol, Perkin
Elmer, Waltham, MA), a ligand that binds to GABAa receptors, with or without
10mM of unlabeled GABA to correct for nonspecific binding, for 40 min at
4°C. Slides were then rinsed twice for one minute each in ice-cold buffer.

For N-methyl-p-aspartate (NMDA) receptor autoradiography, slides were
preincubated for 30 min at room temperature in 50mM Tris acetate buffer, pH
7.4 (Jett and Guilarte, 1995). Slides were then dried for 30 min at 37°C. Slides
were labeled in buffer containing S0pM glutamate and 20puM glycine in the
presence of 2.5nM [*H]-MK-801 (27.5 Ci/mmol, Perkin Elmer), a selective
ligand for the NMDA receptor, with or without 100uM of unlabeled MK-801 in
adjacent sections to correct for nonspecific binding, for 1 h at room
temperature. Slides were then rinsed twice for two minutes in ice-cold buffer,
followed by a thirty minute rinse in ice-cold buffer.

For glutamate transporter autoradiography, slides were then preincubated for
20 min in ice-cold 50mM Tris-HCI buffer, pH 7.4, containing 300mM NaCl
(Parsons and Rainbow, 1983). Slides were labeled in buffer containing 40nM
[3H]—D—aspartate (23.9 Ci/mmol, Perkin Elmer), a ligand that binds to all
glutamate transporter subtypes, with or without 200uM of unlabeled
D-aspartate to correct for nonspecific binding, for 20 min at 4°C. Slides were
then rinsed twice for five minutes in ice-cold buffer.

In all quantitative receptor autoradiography studies, slides were dipped in
cold water and dried under a stream of cool air, then apposed to KODAK
BioMax MR film, MR-1, along with [3H]—Microscales (Amersham, Arlington
Heights, IL), for 4-8 weeks. Reference standards were included with each film
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to ensure the linearity of optical density and to allow quantitative analysis of
the images. Images were captured and digitized using Inquiry (Loats Assoc.,
Westminster, MD) and the optical density was quantified (NIH Image Version 1.63;
National Institute of Health, Bethesda, MD).

Autoradiography was conducted using slides of coronal brain sections that
represent the following areas: frontal cortex (Bregma 9.00 mm); caudate/
putamen and globus pallidus (Bregma —6.75 mm); hippocampus (Bregma
—11.25 mm); and, cerebellum (Bregma —30.60 mm). A rhesus monkey brain
atlas was used to define distinct brain areas (Paxinos et al. 2000). Imaging
software was use to delineate and measure binding intensity in all areas. Areas
9/46D, 46D, 46V, and 9/46V (see Fig. 1A) reflect regions of the dorsolateral
frontal cortex. Area 4F1 (Figs. 1B, 1C) is part of the motor cortex. This region
was analyzed at the level of the globus pallidus and hippocampus in order to
determine if an observed trend was dependent on the level at which it was
analyzed. Area TEa (Figs. 1B, 1C), part of the temporal cortex, was similarly
analyzed at multiple levels. Cd, Put, Thal, and GP (Fig. 1C) are abbreviations
for the caudate, putamen, thalamus, and globus pallidus, respectively. Areas 3a,
3b, and 1 (Fig. 1B) are subregions of the somatosensory cortex. The inset in
Figure 1B shows the CA fields, the dentate gyrus, subiculum, and entorhinal
cortex. Figure 1D depicts representative [*H]-muscimol binding in the
cerebellum. Specific binding in the deep cerebellar nucleus (DCN) and the
lobules was measured. Lobular intensity above and below the DCN was
averaged to yield a single measure of specific binding in the cerebellar lobules.

Immunohistochemistry of GS. Tissue sections were pretreated with 3%
H,0, and 10% methanol in Tris-buffered saline (TBS) for 20 min. Sections were
then incubated with 5% normal horse serum and 0.2% Triton X-100 in TBS for
1 h. Further, sections were incubated with a mouse monoclonal antibody reactive
to human GS (BD Biosciences, San Jose, CA, 1:5000, 48 h at 4°C) followed by
incubation with the corresponding secondary biotinylated IgG (1:250, Vector,
Burlingame, CA, 1.5 h, at room temperature) and the avidin-biotin-peroxidase
complex solution (1:170, 1 h at room temperature). The reaction product was
visualized with 0.25 mg/ml 3,3’-diaminobenzidine and 0.03% H,O,. Sections
were mounted on slides, stained with cresyl violet, dehydrated in graded ethanols
and coverslipped using dibutyl phthalate xylene mounting media.

Metals analysis in brain tissue. Concentrations of Mn were measured in
tissue from the frontal cortex, frontal white matter, globus pallidus, caudate,
and putamen from control and Mn-exposed animals as previously described
(Guilarte et al., 2006a).

Statistics. Comparison of paired groups of control versus Mn-exposed
tissue was conducted using a Student’s t-test, with p < 0.05 used as a threshold
for statistical significance. Alternatively, to correct for multiple comparisons of
means, a threshold of p < 0.025 was also considered for statistical significance
in the Student’s #-test. Linear regression analysis with p < 0.05 was used to
determine statistical significance of the correlation between GS and Mn levels
in the globus pallidus.

RESULTS

Analysis of Brain Manganese Concentrations

Brain Mn concentrations were determined by High-Resolu-
tion Inductively Coupled Plasma Mass Spectrometry in the
frontal cortex, frontal white matter, globus pallidus, caudate,
and putamen of control (n = 6) and Mn-exposed (n = 11)
animals. Significant accumulation of Mn occurred in all regions
analyzed, with the greatest degree of accumulation present in
the globus pallidus (Table 2).

HPLC Detection of Amino Acid Neurotransmitters

Glutamate, glycine, and GABA concentrations were mea-
sured in 13 brain areas including white and gray matter, regions
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FIG. 1. Representative pseudocolor coronal images depicting brain regions analyzed following [*H]-muscimol autoradiography. Representative images of the
frontal cortex (A), hippocampus (B), globus pallidus (C), and cerebellum (D). Specific subregions at each level of the brain analyzed were identified in order to
make appropriate comparisons among animals. 9/46D, 46D, 46V, and 9/46V = areas of the frontal cortex; 4F1 = area of the motor cortex; 3a, 3b and 1 = areas of
the somatosensory cortex; TEa = area of the parietal cortex; dentate gyrus (DG), subiculum (subic), entorhinal cortex (EC), CA fields (CA1-4), thalamus (Thal),
globus pallidus (GP), caudate (Cd), putamen (Put), deep cerebellar nucleus (DCN), and cerebellar lobules (Lob). Pseudocolor scale bars indicate specific binding
(fmol/mg tissue). (B) The boxed area is enlarged and regions identified on the left side.

of the basal ganglia, hippocampus, thalamus, and cerebellum.
Table 3 shows the average glutamate, GABA, and glycine
concentrations for control and Mn-exposed animals. Statistical

TABLE 2
Brain Manganese Concentrations

Control Mn exposed
Frontal cortex 0.20 £ 0.02 0.41 = 0.03*
Frontal white matter 0.17 £ 0.01 0.82 +0.11*
Caudate 0.36 + 0.02 1.37 £ 0.18*
Putamen 0.41 = 0.04 1.97 + 0.25%
Globus pallidus 0.67 = 0.12 3.30 = 0.38*

Note. Mn concentrations in the nonhuman primate brain. Each value
represents the mean = SEM (ug Mn/g tissue) of n = 6 controls and n = 11
(frontal cortex, frontal white matter), n = 10 (putamen) and n = 9 (caudate,
globus pallidus) Mn-exposed animals. In some cases, tissue was not available
in a brain region for a particular animal due to use for other analyses. *p < 0.05
relative to control value.

analysis revealed no significant differences between control
and Mn-exposed monkeys in any of the brain regions analyzed.

[PH]-Muscimol Autoradiography

The regional distribution of GABAa receptors was de-
termined by using the specific ligand [*H]-muscimol. A
representative image of total ["H]-muscimol binding in each
brain region analyzed is shown in Figure 1. Table 4 shows the
average levels of [3H]-muscimol binding in control and Mn-
exposed animals. [*H]-muscimol binds prominently throughout
the cortex, with a greater degree of binding present in the
superficial cortical layers. Superficial and deep cortical layers
were measured separately and as a whole. However, because
the trends for each were not different than the trends for the
layers combined (data not shown), the cortical data presented
represents the superficial and deep layers combined. At Bregma
—6.75 mm, a statistically significant (p < 0.05) 19% increase
in specific binding in area TEa of the temporal cortex
was measured in Mn-exposed animals. However, at Bregma
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TABLE 3
Brain Glutamate, GABA, and Glycine Concentrations

Glutamate GABA Glycine
Brain region Control Mn exposed Control Mn exposed Control Mn exposed
Frontal cortex 8.52+0.43 9.09 + 0.21 1.96 + 0.13 1.93 + 0.09 1.36 + 0.11 1.40 £ 0.05
Frontal white matter 6.96 + 0.52 6.92 £ 0.24 ND ND 1.31 £ 0.06 1.52 £ 0.16
Caudate 9.32 £ 0.34 10.09 + 1.20 3.01 £0.26 3.17 £ 0.37 1.58 + 0.08 1.79 £ 0.18
Putamen 9.43 £ 0.42 8.81 + 0.56 3.48 £ 0.38 3.53 £ 0.59 2.10 £ 043 1.53 £ 0.16
Globus pallidus 2.99 + 0.20 3.56 + 0.49 8.28 + 091 7.17 £ 0.55 1.55 £ 0.20 1.76 = 0.14
Hippocampus 10.36 £ 0.45 10.24 £ 0.57 325 £0.26 2.70 £ 0.30 1.41 £ 0.09 1.42 £ 0.09
Thalamus 6.84 £ 0.70 7.63 £ 0.31 1.83 £ 0.26 1.71 £ 0.18 0.98 = 0.09 1.12 £ 0.05
Motor cortex 7.45 £ 0.38 7.49 £ 1.03 1.76 + 0.08 1.70 £ 0.28 1.21 £ 0.09 1.16 £ 0.13
Somatosensory cortex 7.70 = 0.48 7.30 £ 0.43 227 £ 0.16 1.94 = 0.11 1.27 = 0.06 1.11 = 0.09
Parietal cortex 7.04 £ 0.58 8.30 £ 0.30 1.74 £ 0.16 1.91 £ 0.10 1.07 £ 0.10 1.28 £ 0.08
Visual cortex 6.83 + 0.52 8.04 + 0.48 223 +0.19 2.06 + 0.17 1.15 £ 0.10 1.24 + 0.09
Simple lobule 8.42 £ 0.28 7.37 £ 0.41 2.27 £0.15 1.84 £ 0.14 1.46 £ 0.07 1.23 £ 0.10
Deep cerebellar nuclei 3.05 £ 0.06 3.62 + 0.38 4.61 £0.21 4.00 = 0.30 1.77 £ 0.05 1.91 £ 0.15

Note. Glutamate, GABA, and glycine concentrations in various regions of the nonhuman primate brain. Values are mean + SEM (nmol/mg tissue) of n = 6
controls and n = 11 Mn-exposed animals, with the exception of the parietal and motor cortex which represents n = 10 Mn-exposed animals. ND = GABA not

detected in this region.

—11.25 mm this difference was not observed in this same area
of the temporal cortex. Furthermore, if a lower threshold of p <
0.025 is used to determine statistical significance to correct for
multiple means comparisons, then there is no statistically
significant difference between control and Mn-exposed animals
in any of the brain regions analyzed. Binding of [*H]-muscimol
in the thalamus, globus pallidus and DCN was too low to
accurately measure.

[PH]-MK-801 Autoradiography

The distribution of NMDA receptors was visualized using
quantitative autoradiography with the selective ligand [*H]-
MK-801. Table 4 shows the average levels of specific [*H]-
MK-801 binding in control and Mn-exposed animals in the
brain regions analyzed. Only area 3b of the somatosensory
cortex (Bregma —11.25 mm) of Mn-exposed animals was
statistically significantly different (p < 0.05) from controls. In
this area, ["’H]-MK-801 specific binding was decreased by 14%
in Mn-exposed animals. Similar to the statistical analysis for
[3H]-muscimol, if a lower statistical threshold of p < 0.025 is
used for comparisons of [°’H]-MK-801 binding, then there are
no statistically significant differences between control and Mn-
exposed animals. Binding of [’H]-MK-801 in the globus
pallidus, thalamus, and cerebellum was too low to measure.

[PH]-p-Aspartate Autoradiography

Regional levels of glutamate transporters were visualized
using quantitative autoradiography with the glutamate-
transporter specific ligand [*H]-p-aspartate. Under conditions
of high sodium concentration, D-aspartate is taken up into
astrocytes and neurons by all glutamate transporters (Danbolt

2001). Therefore, this method is not specific for individual
glutamate transporter subtypes. Binding of [*H]-p-aspartate
was quantified at the level of the basal ganglia, hippocampus,
and the cerebellum. Table 4 shows the specific binding of [*H]-
D-aspartate in multiple brain areas. No statistically significant
differences were observed between control and Mn-exposed
animals in the brain regions measured. Negligible uptake of
[*H]-p-aspartate was noted in the thalamus and globus pallidus.

GS Immunohistochemistry

Immunohistochemistry was performed to assess the relative
levels of GS in the globus pallidus, caudate and putamen in
control and Mn-exposed animals. Semiquantitative densitome-
try of GS-stained sections revealed comparable levels of
expression of GS in the caudate and putamen in control and
Mn-exposed animals (Fig. 2). However, in both the exterior
and interior globus pallidus, GS staining was consistently
reduced (37%, GPe, p = 0.01; 33%, GPi, p = 0.03) in the Mn-
exposed animals relative to the control animals. These data
represent tissue from animals in which matching sections of
globus pallidus were available (four control and six Mn-exposed
animals). Nevertheless, the results indicate that chronic Mn
exposure affects GS protein levels. When the GS immunohis-
tochemistry was plotted against Mn concentrations in the globus
pallidus, there were highly significant negative correlations in
both the internal and external globus pallidus. That is, GS levels
decreased as the Mn content in the GP increased (Fig. 2).

DISCUSSION

In the present study, we examine markers for the
glutamatergic and GABAergic systems in the brain of
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TABLE 4
Brain GABAa Receptor, NMDA Receptor, and Glutamate Transporter Levels

[*H]-Muscimol (GABAaR)

[*H]-MK-801 (NMDAR) [*H]-p-Asp (Glu Transp.)

Control Mn exposed Control Mn exposed Control Mn exposed
Frontal cortex
Area 9/46D 169.2 + 9.2 186.9 + 13.8 793 £34 79.0 + 2.7 ok woE
Area 46D 1499 + 9.0 175.8 = 15.1 789 £ 3.5 78.1 + 2.1 o o
Area 46V 163.4 = 10.1 174.8 = 14.8 80.0 + 4.0 782 +24 wE woE
Area 9/46V 187.5 + 10.1 196.9 + 15.3 82.6 + 3.6 749 + 2.8 *k ok
Basal ganglia
Caudate 107.0 = 10.2 132.7 + 6.1 232 +4.1 27.6 £5.8 102.1 + 7.7 95.1 £8.5
Putamen 78.8 + 8.8 99.0 + 4.4 16.2 + 3.9 192 +3.5 80.7 = 8.0 772 +9.2
Globus Pallidus N/A N/A N/A N/A N/A N/A
Area 4F1 1364 + 8.4 143.8 + 6.8 499 x 4.7 45.6 £5.8 974 +11.9 858 +6.3
Area Tea 173.1 + 10.2 205.9 + 7.4* 71.8 +3.0 77.1 72 92.9 + 14.3 1200 £ 9.2
Thalamus N/A N/A N/A N/A N/A N/A
Hippocampus
CAl 63.9 + 6.2 582 + 4.8 90.1 2.8 90.0 + 4.5 174.6 + 19.9 1924 + 18.2
CA3 265+ 1.5 282 +5.0 76.7 £ 3.7 83.5+75 217.1 + 18.7 2132 +21.2
CA4 412 +25 41.0x5.1 835+175 795 +7.4 280.7 = 16.0 303.8 +37.3
Dentate gyrus 79.6 £ 6.5 77.7+52 1156 +5.3 121.0 + 3.5 3243 +21.8 307.7 + 24.6
Subiculum 509 £5.0 45.6 £ 3.7 63.5+54 574 +3.7 179.1 £ 17.1 181.1 £ 15.7
Entorhinal cortex 96.1 +7.3 953 +7.1 68.9 = 2.1 67.7 2.7 174.8 + 18.1 187.9 + 14.9
Area 4F1 143.6 + 17.5 127.0 £ 9.5 642 +6.2 63.3 + 3.9 1579 + 15.4 156.5 + 10.7
Area TEa 1712 £ 5.1 1555 +7.9 784 +24 733 +£39 127.2 £ 20.3 161.9 + 10.6
Area 3a 141.8 £ 10.3 132.0 = 10.6 59.1 +42 56.2 +3.4 143.1 +24.2 149.6 + 13.8
Area 3b 150.4 + 10.5 1462 +9.2 70.7 2.9 60.5 + 3.6* 138.7 + 21.3 154.0 + 12.5
Area 1 1770 £ 6.3 163.8 = 10.3 719 £32 65.8 + 3.6 139.2 + 17.5 163.2 + 17.9
Cerebellum
DCN N/A N/A N/A N/A 81.5 + 6.22 984 +5.1
Lobules 427.2 £ 38.0 493.1 +22.8 N/A N/A 387.8 +19.4 398.9 + 20.6

Note. Quantitative receptor autoradiography of GABAa receptors ([*H]-muscimol), NMDA receptors ([’H]-MK-801), and glutamate transporters (PHI-
p-aspartate). N/A = measurement not available due to inability to obtain specific binding in this brain region. *0.025 < p < 0.05 for [*H]-muscimol binding in area
TEa and for [’H]-MK-801 binding in area 3b relative to control value. **Data are unavailable for [*H]-p-aspartate in the frontal cortex due to high nonspecific

binding in multiple experiments.

Mn-exposed nonhuman primates. Our findings indicate that
these systems, at the levels of Mn exposure used, are minimally
affected with the exception of the enzyme GS that is decreased
in the globus pallidus of Mn-exposed animals. It is important to
note that previous studies in this same group of animals have
shown significant reductions of in vivo dopamine release in the
striatum measured by positron emission tomography that were
associated with movement abnormalities (Guilarte et al.,
2006a, 2008a). Further, we have also documented decreased
N-acetyl aspartate/creatine ratios in the parietal cortex
suggestive of neuronal dysfunction or degeneration (Guilarte
et al., 2006b) and a significant degree of neuropathology in the
frontal cortex (Guilarte er al., 2008b). Lastly, behavioral
assessments of these animals have shown deficits in cognitive
function (Schneider et al., 2006) and working memory
(Schneider et al., 2009), with subtle effects on fine motor
control (Schneider et al., 2006). The findings within indicate
these behavioral effects of chronic Mn exposure are not likely
to be attributable to modulation of glutamate, GABA, and
glycine neurotransmitter levels.

Several studies conducted in rodents have documented Mn-
induced alterations in the brain concentrations of glutamate and
GABA. However, little information is available from higher
species that addresses this association. Struve et al. (2007)
reported unchanged total tissue glutamate and GABA concen-
trations in the basal ganglia following subchronic Mn
inhalation. The current study provides confirmation that
chronic Mn exposure does not alter the concentration of
glutamate, GABA, and glycine neurotransmitters. Defining the
scope of Mn-induced biological effects is imperative to the
clinical management of excessive Mn exposure in humans.

Although we have measured total levels of glutamate,
GABA, and glycine in this study, our analysis does not allow
the determination of the compartmentalization of these neuro-
transmitters at the synaptic level. In future studies, in vivo
microdialysis would allow the differentiation of distinct pools
of glutamate, GABA, and glycine at the synapse. In addition,
the data suggest that chronic Mn exposure does not
significantly alter the distribution of NMDA subtype of
glutamate receptors or GABAa receptors.



GLUTAMATE AND GABA IN MANGANESE NEUROTOXICITY

FIG. 2.
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Immunohistochemistry for GS in a control animal (A and D) and a Mn-exposed animal (B and E). (C) Semi-quantitative densitometry of GS in

exterior globus pallidus (GPe), interior globus pallidus (GPi), caudate, and putamen in control (n = 4) and Mn-exposed (n = 6) animals. Staining intensity was
comparable among all animals in the caudate and putamen. However, in the globus pallidus, GS staining was consistently reduced (37%, GPe, p = 0.01; 33%, GPi,
p = 0.03) in the Mn-exposed animals. (F) GS levels in the globus pallidus decreased with increasing concentrations of Mn in this brain region. Note: pallidal Mn
concentration was not obtained in one experimental animal due to lack of tissue. *p < 0.05 relative to control value.

Evidence from in vitro and rodent studies has suggested the
possibility that Mn interferes with glutamate uptake by
reducing the expression of glutamate transporters, particularly
GLAST and GLT-1. Erikson ef al. (2007) demonstrated that
nonhuman primates chronically exposed to Mn by inhalation
exhibited decreased levels of GLAST and GLT-1 protein in the
olfactory cortex, frontal cortex, caudate, cerebellum, and
globus pallidus (Erikson et al., 2007). In addition, they also
observed a decrease in GS protein levels. In this study, [*H]-D-
aspartate autoradiography indicates that Mn-exposure does not
decrease glutamate transporter levels. However, it is important
to note that autoradiography of glutamate transporters using
[*H]-p-aspartate is useful in identifying all glutamate trans-
porters, not individual transporters, as [°H]-p-aspartate is taken
up in neurons and astrocytes by all glutamate transporters
(Danbolt, 2001). Due to limited tissue availability, we were
unable to analyze these parameters in parallel by Western blot
analysis.

Immunohistochemical analysis of GS did show a consistent
decrease in the globus pallidus among the available Mn-
exposed animals. GS binds four molecules of Mn per octamer,
and up to 80% of brain Mn can normally be associated with GS
(Prohaska, 1987). This astrocytic enzyme consumes ATP in the

conversion of glutamate and ammonia into glutamine.
Glutamine is transported to presynaptic neurons and used as
a precursor for glutamate and GABA synthesis. A direct effect
of Mn on GS levels may partially explain the decrease in GS in
the globus pallidus but not the caudate or putamen, given that
Mn accumulated to the greatest extent in the globus pallidus of
these animals. GS is sensitive to oxidative stress and reactive
oxygen species can cause structural changes in GS (Butterfield
et al., 1997). Furthermore, oxygen radicals inactivate GS
in vitro and in vivo (Schor, 1988). Increased astrocytic
ammonia, which would result from a decrease in GS levels,
has been associated with protein oxidation, proteasomal
activity, and an increase in astrocytic reactive oxygen species
(Widmer et al., 2007). Reduced GS activity may therefore
reflect an increase in oxidative stress within astrocytes. In
addition, an elevation of intracellular ammonia is known to
cause astrocytic swelling (Norenberg et al., 2005). Interest-
ingly, a 24-h exposure of cultured astrocytes to Mn also causes
cellular swelling (Rama Rao et al., 2007). This suggests
a potential linkage between reduced GS levels observed in our
Mn-exposed animals and a Mn-induced pathological astrocytic
change. Further studies are required to establish the mechanism
by which Mn can produce decreased GS expression.
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Irrespective of the cause of reduced GS levels, the effect of
this reduction must be considered. GS is involved in the
glutamate-glutamine cycle, which is responsible for the
recycling of glutamate at the level of the synapse. Reductions
in GS may cause dysregulation of this recycling pathway and
by mass action a reduction in the conversion of glutamate into
glutamine that could lead to an increase in astrocytic or
synaptic glutamate and ammonia concentrations. This could
produce altered astrocytic function and disrupt the tight control
of glutamate concentration in the synapse. Increased ammonia
in astrocytes causes a decrease in glutamate uptake and an
increase in glutamate release (Rose, 2006), which appears to be
mediated through the reversal of astrocytic glutamate trans-
porters (Rose, 2006) and calcium-dependent vesicular release
from astrocytes (Rose et al., 2005). This further underscores
the need to perform in vivo microdialysis to determine whether
Mn alters the distribution of glutamate at the synaptic level.
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