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Abstract

Humans exposed to excess levels of manganese (Mn2*) express psychiatric problems and deficits in
attention and learning and memory. However, there is a paucity of knowledge on molecular
mechanisms by which Mn2* produces such effects. We now report that Mn2* is a potent inhibitor of
[3H]-MK-801 binding to the NMDA receptor channel in rat neuronal membrane preparations. The
inhibition of [3H]-MK-801 to the NMDA receptor channel by Mn2* was activity-dependent since
Mn2* was a more potent inhibitor in the presence of the NMDA receptor co-agonists glutamate and
glycine (K;= 35.9 + 3.1 uM) than in their absence (K;= 157.1 + 6.5 uM). We also show that MnZ* is
a NMDA receptor channel blocker since its inhibition of [3H]-MK-801 binding to the NMDA
receptor channel is competitive in nature. That is, Mn2* significantly increased the affinity constant
(Kg) with no significant effect on the maximal number of [3H]-MK-801 binding sites (Bmay). Under
stimulating conditions, MnZ* was equipotent in inhibiting [3H]-MK-801 binding to NMDA receptors
expressed in neuronal membrane preparations from different brain regions. However, under basal,
non-stimulated conditions, Mn2* was more potent in inhibiting NMDA receptors in the cerebellum
than other brain regions. We have previously shown that chronic Mn2* exposure in non-human
primates increases Cu?*, but not zinc or iron concentrations in the basal ganglia (Guilarte et al.,
Experimental Neurology 202: 381-390, 2006). Therefore, we also tested the inhibitory effects of
Cu?* on [3H]-MK-801 binding to the NMDA receptor channel. The data shows that Cu2* in the
presence of glutamate and glycine is a more potent inhibitor of the NMDA receptor than Mn2*. Our
findings suggest that the inhibitory effect of Mn2* and/or Cu?* on the NMDA receptor may produce
a deficit in glutamatergic transmission in the brain of individuals exposed to excess levels of Mn2*
and produce neurological dysfunction.
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INTRODUCTION

Manganese (Mn2*) neurotoxicity in humans has been described as a continuum with different
clinical presentations classified by their distinct and predominant manifestations (Mergler et
al., 1999). An early clinical aspect of Mn2*-induced neurological dysfunction is psychiatric
symptoms and memory impairment (Donaldson, 1987). However, there is a paucity of
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knowledge on mechanisms by which exposure to elevated levels of Mn2* affects psychiatric
and cognitive domains. Recent studies indicate that Mn2*-exposed workers express
neurological impairment, attention deficits and learning and memory problems (Bowler et al.,
2003; Josephs et al., 2005; Klos et al., 2006; Mergler and Baldwin, 1997; Santos-Burgoa et
al., 2001). Impairment in attention and learning has been noted as a sign of frontal cortex and
subcortical dysfunction (Klos et al., 2006). Further, Mn2*-exposed workers have a higher
incidence of neuropsychiatric symptoms than referents (Bouchard et al., 2006; Sjogren et al.,
1990) and elevated levels of MnZ* markedly increase neuropsychiatric symptoms associated
with alcohol abuse (Sassine etal., 2002). Effects of Mn2* on working memory points to deficits
in frontal cortex function, a brain region known to be involved in psychiatric illnesses such as
schizophrenia (Abi-Dargham et al., 2002; Goldman-Rakic, 1999). Other reports also indicate
effects of MnZ* exposure on the intellectual performance of children (Wasserman et al.,
2006; Woolf et al., 2002).

Studies in non-human primates chronically exposed to Mn2* indicate that while the globus
pallidus accumulates the highest concentration of Mn2*, other brain regions also exhibit
significant elevations in Mn2* concentrations (Dorman et al., 2006; Guilarte et al., 2006). For
example, Dorman et al., (2006) showed that at any of the Mn2* exposure levels administered
to monkeys via inhalation, there were significant elevations of Mn?* not only in basal ganglia
structures but also in the frontal cortex, olfactory cortex, cerebellum and white matter.
Therefore, Mn2* is likely to have neurotoxic effects in brain structures outside of the basal
ganglia. Consistent with this notion, we have shown that Mn2*-exposed non-human primates
exhibit decreased in vivo levels of the metabolite N-acetylaspartate (NAA) in the cerebral
cortex (Guilarte et al., 2006a), a finding that may reflect neuronal loss and/or dysfunction.
Further, these same Mn?*-exposed animals expressed subtle deficits in spatial working
memory and increased frequency of stereotypic and compulsive-like behaviors (Schneider et
al., 2006). NAA is a brain metabolite of the parent compound N-acetyl-aspartyl glutamate
(NAAG). NAAG is the most abundant neuropeptide in the brain and it is important in
glutamatergic neurotransmission (Coyle, 1997). NAAG is also known to interact with the N-
methyl-d-aspartate (NMDA) receptor subtype of excitatory amino acid receptors (Bergeron et
al., 2007) and these receptors have a divalent cation binding site that modulates their function.
Since NMDA receptors are known to play an essential role in synaptic plasticity and in learning
and memory function (Morris et al., 1986; Upchurch and Wehner, 1990), we examined whether
Mn?2* directly interacts with the NMDA receptor in neuronal membrane preparations from rat
brain. Our studies indicate that Mn?* inhibits NMDA receptor function in an activity-dependent
manner and its putative site of interaction is at the NMDA receptor associated ion channel.

MATERIALS AND METHODS

[3H]-MK-801 with a specific activity of 22.0 Ci/mmol was purchased from Perkin Elmer
(Boston, MA). Non-radioactive (+) MK-801 hydrogen maleate, manganese sulfate, copper
sulfate, glutamate, and glycine were all obtained from Sigma (St Louise, MO).

Rat Brain Membrane Preparation

Normal adult male Long-Evan rats (Charles River, Wilmington, MA, body weight 250-300 g)
were euthanized by decapitation. The brains were harvested and dissected into different regions
including cerebral cortex, striatum, hippocampus, and cerebellum. The preparation of rat brain
neuronal membranes and the [3H]-MK-801 binding assay have been described (Hashemzadeh-
Gargari and Guilarte, 1999). Briefly, rat brain tissue was homogenized in 10 volumes of 0.32
M sucrose at 4°C and centrifuged at 1000g for 10 min. The supernatant was centrifuged at

18,000g for 20 min and the resulting pellet was resuspended in 10 volumes of 5 mM Tris-HCI
(pH 7.7) with a polytron (6 setting) and centrifuged at 8000g for 20 min. The supernatant and
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upper buffy coat were centrifuged at 40,9109 for 20 min. The resulting pellet was resuspended
with a polytron in 10 volumes of 5 mM Tris-HCI buffer and centrifuged at 40,910g for 20 min.
This washing procedure was repeated three times and the final pellet was stored at —80°C
overnight. The next day the pellet was thawed and resuspended in 10 volumes of Tris-HCI
buffer with a polytron and centrifuged at 40,910g. The washing procedure was repeated four
times and the pellet was stored at —80°C until use. The extensive washing and freeze-thaw
cyclesdescribed in this preparation is to remove endogenous glutamate (Glu) and glycine (Gly).
In some cases, such as the striatum and hippocampus, tissue from more than one animal was
needed for the binding assay. Therefore, preparations from more than one animal were
combined.

[3H]-MK-801 Binding Assay

Statistics

RESULTS

On the day of the assay, the rat brain membrane pellet was thawed and resuspended with a
polytron in 5 mM Tris-HCl assay buffer, pH 7.5 (sodium-free) and distributed into assay tubes
to provide approximately 100 to 200 pg protein/tube. Protein concentration of tissue
homogenates was determined by Bradford protein assay using BSA as a standard. The final
assay volume was 1 ml for cerebral cortex and cerebellum and 0.5 ml for striatum and
hippocampus. For inhibition studies, 13 different concentrations (nominal) of manganese
sulfate (MnSOy,) (from 0.1 uM to 1.5 mM final) or 19 different concentrations of copper sulfate
(CuSQy) (from 0.1 pM to 1.5 mM final) were added to membrane preparation of different brain
regions and 2.5 nM [2H]-MK-801 with or without 50 uM Glu and 20 uM Gly. Membrane
suspensions were incubated for 1 h at 24°C in a shaking water bath in triplicate for MnSQO4
studies or duplicate for CuSOy,. The reaction was terminated by filtration through Whatman
GF/B filter paper with a BRANDEL filtering system.

For saturation isotherm, cerebral cortex membrane preparation was incubated with 7 different
concentrations of [2H]-MK-801 (0.5 to 20 nM) under activation conditions (50 uM Glu and
20 uM Gly) in the presence or absence of 100 uM MnSO,4 Nonspecific binding was measured
in the presence of 100 pM non-radioactive (+)-MK-801 hydrogen maleate. Assay tubes were
incubated for 1 h at 24°C in a shaking water bath. The reaction was terminated by filtration
through Whatman GF/B filter paper with a BRANDEL filtering system. Filters were washed
three times with 5 ml of ice-cold assay buffer. Radioactivity trapped in the filters was measured
by liquid scintillation spectrometry. Binding parameters were estimated using the EBDA/
LIGAND in KELL version 6 program for Windows (Biosoft, Cambridge, U.K.). For most of
inhibition studies, 1Csq and K; were determined using one-site model. For CuSQy inhibition
studies in the activated stages, ICsq and K; for two sites were determined. For saturation
isotherm, the maximal number of binding sites (Bmax) and affinity constant (Ky) were
determined using EBDA/LIGAND.

Student's t-test or one-way analysis of variance with Student-Newman-Keuls test for multiple
means comparison was used when appropriate. Statistical significance was set at p < 0.05.
Values provide are mean * sem.

Mn2* inhibits [3H]-MK-801 binding to the NMDA receptor channel

Radioligand-receptor binding assay was used to examine the effects of Mn2* on [3H]-MK-801
binding to the NMDA receptor channel. [3H]-MK-801 is a well-characterized NMDA receptor
channel antagonist and it is widely used in receptor binding studies (Wong et al., 1988). We
used extensively washed neuronal membrane preparations from rat cerebral cortex and showed
that the addition of exogenous Mn2* inhibits [3H]-MK-801 binding to the NMDAR channel
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with an inhibitory constant (K;) in the low uM range (Figure 1 and Table 1). Mn%* was found
to be a more potent inhibitor of [3H]-MK-801 binding in the presence of the co-agonists Glu
and Gly than in their absence (Figure 1 and Table 1). Thus, Mn2* behaves similar to the NMDA
receptor channel blockers phencyclidine, ketamine, MK-801 and the endogenous divalent
cation magnesium (Mg2*). The inhibitory constant (Ki) of NMDA receptor channel inhibition
by Mn2* was in 35.9 + 3.1 uM, a value much lower than that for the endogenous channel
blocker, Mg2* (mM range).

Effect of Mn2* on [3H]-MK-801 binding parameters

To study the nature of the inhibitory effect of Mn2* on [3H]-MK-801 binding to the NMDA
receptor channel, we performed [3H]-MK-801 saturation isotherms and Scatchard analysis
using extensively washed rat cortical membranes. These assays were performed in the presence
of activating concentrations of Glu and Gly with or without 100 uM Mn?Z*. Our results indicate
that Mn2* alters the affinity (Kg) of [°H]-MK-801 binding to the NMDA receptor channel with
no significant effect on the maximal number of binding sites (Bmax) (See Figure 2 and Table
2). Therefore, the effect of Mn2* on [2H]-MK-801 binding parameters is consistent with a
competitive interaction with [H]-MK-801 binding at the NMDA receptor channel.

Effects of Mn2* on NMDA receptors expressed in different regions of the rat brain

We examine the inhibitory effect of Mn2* on the binding of [3H]-MK-801 to the NMDA
receptor channel in neuronal membrane preparations from different regions of the rat brain.
This was done to determine if native NMDA receptors expressed in different brain areas are
differentially sensitive to MnZ* inhibition. Analysis of variance showed a significant effect of
brain region on the ability of Mn2* to inhibit [H]-MK-801 binding (F38=19.09, p=0.0045)
under basal conditions (no Glu or Gly added). That is, although Mn2* was equally potent in
inhibiting native NMDA receptors expressed in neuronal membranes from adult rat cerebral
cortex, hippocampus and striatum, the inhibitory constant for Mn2* was significantly different
in neuronal membranes from cerebellum relative to all other brain regions (p < 0.05; Table 3).
No significant differences amongst brain regions were noted for the inhibitory effects of
Mn2* under stimulating conditions (Glu and Gly added) (Table 3). Consistent with the levels
of NMDA receptor sites in different brain regions, the Bpay of [H]-MK-801 was highest in
the cerebral cortex and hippocampus and lowest in the cerebellum (Table 3).

Effects of Copper on [3H]-MK-801 binding to NMDA receptors in neuronal membrane
preparations from rat brain

We have previously shown that chronic Mn2* exposure in non-human primates increases the
concentration of copper (Cu?*), but not zinc or iron, in basal ganglia structures (Guilarte et al.,
2006). Since Cu?*, like Mn2*, is a divalent cation, we hypothesized that it may also interact
with the NMDA receptor to inhibit its function. Our results indicate that the K; of CuZ*
inhibition of [3H]-MK-801 binding to the NMDA receptor channel was slightly higher to that
of Mn2* in the absence of Glu and Gly, that is 195 + 17 uM vs 157.1 + 6.5 uM for Mn2* (see
Tables 3 and 4). However, in the presence of Glu and Gly, Cu2* exhibited high and low affinity
inhibitory sites with a Kj of 9.4 £ 1.7 uM and 248 + 8.0 uM, respectively (Table 4). The high
affinity site was predominant over the low affinity site with a By,a 0f 3570 + 116 and 910 +
68 fmol/mg protein, respectively. Therefore, under physiological conditions where the NMDA
receptor co-agonists Glu and Gly are present, Cu2* is a more potent inhibitor of the NMDA
receptor than Mn2*.

DISCUSSION

The present study demonstrates that Mn2* is a competitive antagonist of [3H]-MK-801 binding
to the NMDA receptor channel. This is based on the finding that Mn?* altered the Ky but not
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the Bmax 0f [?H]-MK-801 binding parameters. Further, the inhibitory effect of Mn2" is activity-
dependent since Mn%* was a more potent inhibitor in the presence of the NMDA receptor co-
agonists Glu and Gly than in their absence. Together, our studies indicate that Mn2* isa NMDA
receptor channel blocker.

A review of the literature supports our findings based on electrophysiological recordings from
central neurons in culture. Mayer and Westbrook (1987) showed that in hippocampal neurons
Mn?2* produces a strong voltage-dependent block of responses to NMDA. This is similar to the
channel block produced by Mg2* but different to the voltage-independent inhibition of the
NMDA receptor by other physiologically relevant divalent cations such as Zn2* (Christine and
Choi, 1990) and Cu?* (Vlachova et al., 1996) as well as the environmental neurotoxicant
Pb2* (Alkondon et al., 1990; Guilarte et al., 1995; Guilarte, 1997). Therefore, divalent cations
are important regulators of NMDA receptor function and they interact at distinct and different
sites on the NMDA receptor protein. Mayer and Westbrook (1987) also showed that unlike
Mg2*, Mn2* is able to permeate the channel. Therefore, Mn?* has two different effects on the
NMDA receptor, it is a channel blocker and it permeates the channel. The fact that Mn2* is
able to permeate the NMDA receptor channel provides a possible mechanism by which
Mn2* can be “transmitted” from neuron to neuron in the brain.

We also found that under stimulating conditions, Mn2* was equally potent in inhibiting NMDA
receptors expressed in different brain regions. However, in the absence of the activators Glu
and Gly, Mn?* was most potent in inhibiting NMDA receptors in the cerebellum (Table 3). It
is known that cerebellar NMDA receptors have a different subunit composition than forebrain
NMDA receptor and this may provide a potential explanation for the differences in inhibition
by Mn2*. For the most part NMDA receptors in forebrain structures are composed of NR1 in
combination with NR2A, NR2B or both NR2 subunits (Monyer et al., 1994). On the other
hand, in the adult cerebellum the NR1/NR2C subtype predominates (Monyer et al., 1994).
Mn?Z* was equally potent in inhibiting the NMDA receptor in all brain regions in the presence
of Glu and Gly (Table 3). NMDA receptors are widely distributed throughout the brain and
the potential for Mn exposure to inhibit NMDA receptor function in vivo may not only depend
on regional differences in the subunit composition of NMDA receptors but also in the regional
brain Mn2* concentrations.

What is the toxicological relevance of these findings? Previous studies have shown that
Mn?Z* is taken up and released from neurons in a calcium and impulse-dependent manner
(Takeda et al., 2002). Further, Mn2* is released with Glu from nerve terminals suggesting a
function in glutamatergic synapses. Therefore, the effect of Mn2* that we have identified on
the NMDA receptor channel is of toxicological relevance. We propose that when Mn2*
concentrations in the brain are elevated to toxic levels as a result of chronic exposures, Mn2*
may accumulate in glutamatergic synapses and inhibit NMDAR function producing a
hypofunctioning of the glutamatergic system.

It is also noteworthy that chronic Mn2* exposure in non-human primates increases Cu2*, but
not zinc or iron concentrations in basal ganglia structures (Guilarte et al., 2006). This effect of
Mn2* on brain Cu?* concentrations appears to have some degree of regional brain selectivity
as Cu?* concentrations in the white matter of the same Mn2*-exposed non-human primates
were not increased (Guilarte et al., 2006).

Cu?* is also a potent NMDA receptor antagonist as defined in our present study and in previous
electrophysiological studies (Vlachova et al., 1996; Trombley and Shepherd, 1996). Similar
to Mn2*, Cu?* is released from nerve terminals following depolarization (Kardos et al.,
1989) and it is known to inhibit NMDA receptors (Vlachova et al., 1996) and long-term
potentiation in hippocampal slices (Doreulee et al., 1997). Therefore, chronic exposure to

Neurotoxicology. Author manuscript; available in PMC 2008 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guilarte and Chen

Page 6

elevated levels of Mn2* may inhibit NMDA receptor dependent cellular function not only by
increasing endogenous levels of MnZ* but also of Cu2*. Further, MnZ* and Cu2* inhibit NMDA
receptor function at different sites, thus they may act synergistically.

A remaining question is whether Mn?* and/or Cu?* concentrations in the brain of individuals
exposed to environmental or occupational levels of Mn2* are sufficiently high to produce an
inhibitory effect on brain NMDA receptors in situ. Previous studies have estimated the
physiological concentrations that may be achievable in the synaptic cleft after stimulated
release of Cu?* (Kardos etal., 1989) and Zn?* (Assaf and Chung, 1984) to be as high as 250-300
uM. Clearly, if the accumulation of Mn2* in neuronal terminals of exposed individuals are
markedly increased above physiological levels, then it is highly likely that higher synaptic
concentrations of Mn2* and Cu?* are achieved in the Mn2*-exposed brain and they would
inhibit NMDA receptor mediated neurotransmission.

In summary, these studies suggest that under conditions of excess Mn2* accumulation in the
brain, as it may occur with chronic occupational or environmental exposures and in certain
medical conditions, Mn2* may be able to inhibit NMDA receptor function. The observation
that Mn2* acts as a NMDA receptor channel blocker has important implications to its known
effects on cognitive function in adults and in children since NMDA receptor antagonists
produce impairments in learning and memory (Newcomer and Krystal, 2001). Therefore, our
current findings have significant implications for Mn2*-induced changes in 1Q and learning
documented in occupational workers (Bowler et al., 2006) and in children with environmental
exposures (Wasserman et al., 2006; Woolf et al., 2002).
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Figure 1.

Log [MnSO4](M)

Inhibition of [3H]-MK-801 binding to the NMDA receptor channel in neuronal membranes

from adult rat cerebral cortex by MnZ*. The data show that MnZ* is a more potent inhibitory
in the presence of the NMDA receptor activators Glu and Gly than in the absence. Each value
is the mean £ sem of 3 different experiments, each done with a different neuronal membrane

preparation.
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Figure 2.

Representative graph of Mn2* effects on [3H]-MK-801 binding parameters in rat cerebral
cortex in the presence of Glu and Gly. Mn2* produces a significant change in the affinity
constant (Kq) represented by a change in the slope of the Scatchard plot with no change in the

maximal number of binding sites (Bmax)-
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Manganese inhibition of [3H]-MK-801 binding to native NMDA receptors in neuronal membrane preparations
of adult rat cerebral cortex. Each value is the mean + sem of 3 different experiments, each using a different

neuronal membrane preparation.

K; (nM) B ax (fmol/mg protein)
Basal 157.1+6.5 1683 + 43
Glutamate & Glycing] 359+31 3731 + 455
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Effect of manganese on [3H]-MK-801 binding parameters to cerebral cortex NMDA receptors. Each value is the

mean + sem of 3 different experiments, each usin

K4 (nM) B, (fmol/mg protein)
Control 2.16 +0.20 3191 +174
MnSO, (100pM) 8.15 +0.45 3198 + 327
t-test p=0.003 p=0.96

Table 2

a different neuronal membrane preparation.
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Table 3
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Manganese inhibition of [3H]-MK-801 binding to NMDA receptors in different brain regions. Each value is the

mean + sem of 3 different experiments, each usin

a different neuronal membrane preparation.

. . K; (nM) B .., (fmol/mg protein)
Brain Region Basal Glutamate & Glycine Basal Glutamate & Glycine|
Cerebral Cortex| 157.1+6.5 359+31 1683 + 43] 3731 + 455
Hippocampus 146.3 + 18.2 426+1.1 2076 + 27 3014 + 104
Striatum 187.8+8.6 345+£25 1097 + 37| 1958 + 34
Cerebellum 68.1+6.6 343+27 174+ 10 264 +12

Neurotoxicology. Author manuscript; available in PMC 2008 November 1.



Guilarte and Chen Page 14

Table 4
Copper inhibition of [3H]-MK-801 binding to NMDA receptors in rat cerebral cortex membrane preparations.
Each value is the mean + sem of 3 different experiments, each using a different neuronal membrane preparation.

K; (M) B, (fmol/mg protein)
Basal 195.0+17.2 606 + 51
- 9.4+17 & 248.4+7.8 3570+ 116 & 910+ 68
Glutamate & Glycing (site-1) (site-2) (site-1) (site-2)
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