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Abstract
Manganese (Mn) has been implicated in the impairment of the glutamate-glutamine cycling
(GGC) by deregulation of Glu and glutamine (Gln) turnover in astrocytes. Here we have examined
possible mechanisms involved in the Mn(II)-mediated disruption of Glu turnover, including those
related to protein degradation, such as the proteasomal and lysosomal machinery. Our study
revealed that lysosome, but not proteasomal inhibition is responsible for downregulation of the
Glu transporter after Mn(II) treatment. Because protein kinase C (PKC) activation leads to the
downregulation of Glu carriers, and Mn(II) increases PKC activity, we hypothesized that the PKC
signalling contributes to the Mn(II)-mediated disruption of Glu turnover. Our results show that
PKC activation causes a decrease in Glu uptake and that inhibition of PKC reverses Mn(II)–
dependent downregulation of Glu influx as well as glutamate transporter 1 (GLT1) and glutamate–
aspartate transporter (GLAST) protein level. Co-immunoprecipitation studies show association of
GLT1 with the PKCδ and PKCα isoforms and Mn(II)–induced specific increase in PKCδ-GLT1
interaction. Additionally, astrocytes transfected with shRNA against PKCδ show decreased
sensitivity to Mn(II) compared to those transfected with control shRNA or shRNA targeted against
PKCα. Taken together, these findings demonstrate that PKCδ signalling is involved in the Mn(II)-
induced deregulation of Glu turnover in astrocytes.
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INTRODUCTION
Manganese (Mn) is a naturally occurring trace metal, which is commonly found in the
environment and has well-defined physiological functions within all tissues, including the
brain (Prohaska, 1987; Takeda 2003). However, excessive exposure to Mn(II) causes
neurodegeneration and/or neuronal dysfunction (Erikson and Aschner, 2003; Roth and
Garrick, 2003; Weiss, 2006). Excessive accumulation of Mn(II) in specific brain areas, such
as the substantia nigra, the globus pallidus and the striatum, causes a neurological brain
disorder, referred to as manganism, which is characterized by early psychotic symptoms and
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frequently followed by chronic symptoms analogous to those in idiopathic Parkinson’s
disease (Racette et al. 2001). Although the underlying mechanisms of manganism are not
completely understood, disturbance in glutamine(Gln)/glutamate(Glu) cycling (GGC)
between neurons and astrocytes have been posited as a major executor in its etiology
(Brouillet et al. 1993; Lee et al. 2009; Sidoryk-Wegrzynowicz et al. 2009).

GGC is critical for optimal CNS function. Given the inability of neurons to perform de novo
synthesis of Glu and gamma-amino butyric acid (GABA) from glucose, they are
metabolically dependent upon astrocytes (Berl and Clarke, 1983). Under optimal conditions,
a major proportion of astroglia-derived Gln is shuttled to neurons, where it is degraded and
gives rise to the excitatory neurotransmitter Glu and indirectly GABA (Sonnewald et al.
1993). Our earlier study has demonstrated that Mn(II) exposure leads to altered expression
and function of astrocytic transporters involved in neuronal Gln supply (Sidoryk-
Wegrzynowicz et al. 2009).

The importance of GGC cycling is also dramatically illustrated in the deregulation of the
astrocytic Glu transporters, glutamate–aspartate transporter (GLAST) and GLT1 in various
neuropathological conditions (Danbolt, 2001). In optimal physiological conditions,
astrocytes are responsible for neuronal activity regulation by removal of neurotransmitters
from synaptic cleft (80% of Glu released from neurons is taken up by astrocytes) (Choi et al.
1987; Rothstein et al. 1996). Glu transporters are active during the first week of postnatal
life, suggesting that astrocytes are primed for regulating neurotransmission at early life
stages (Regan et al., 2007). Both in vivo and in vitro studies have shown that knockdown of
glial GLAST or GLT1 produces elevated extracellular Glu levels and excitotoxic
neurodegeneration (Rothstein et al. 1996).

Astrocytes possess a greater ability to accumulate Mn(II) than neurons, and an excess of
brain Mn(II) primarily affects the functioning of glial cells (Aschner et al., 1992). Several
studies have shown than excessive exposure to Mn(II) leads to the downregulation of Glu
transporters and to impairment in glutamatergic neurotransmission, representing one of the
most prominent neuropathologic effects of Mn(II) ( Erikson et al. 2002; Erikson et al. 2008;
Lee et al. 2009).

Here we sought to examine possible pathways involved in Mn(II)-induced disruption of Glu
turnover and extend our previous investigations in defining the effect of Mn(II) on GGC and
astroglial dysfunction. Since protein kinase C (PKC) activation leads to the downregulation
of Glu transporters (Conradt and Stoffel, 1997; Ramamoorthy 1998; Loder et al. 2003;
Gonzalez et al. 2005), and Mn(II) increases PKC activity (Sidoryk-Wegrzynowicz et al.
2011), we hypothesized that the PKC signaling pathway contributes to the Mn(II)-induced
disruption of Glu turnover. Our previous study showed that Mn(II) exposure increases
phosphorylation of PKCδ and the interaction of this isoform with the Glu transporter,
ASCT2 (Sidoryk-Wegrzynowicz et al., 2011). Based on this finding, as well as evidence on
the important role of PKCδ in Mn(II) neurotoxicity, we hypotesized that this isoform may
be specifically involved in Mn(II) – dependent disruption of GGC (Anantharam et al. 2002;
Kitazawa et al. 2005, Latchoumycandane et al. 2005).

Previous studies showed that both PKC activation and treatment with Mn(II) led to protein
poliubiquitination (Sidoryk-Wegrzynowicz et al. 2011). Specifically, Mn(II) was shown to
be associated with the ubiquitin proteolytic system where it increased the expression of
ubiquitin ligases Nedd4-2 (neuronal precursor cell expressed, developmentally down-
regulated 4-2 activity), which promotes protein/substrate targeting to ubiquitin (Sidoryk-
Wegrzynowicz et al. 2010). Ubiquitination of protein leads to its degradation by the 26 S
proteasome or may initiate endocytosis signal targeting of proteins for lysosomal
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degradation (Hicke 1997; Miranda et al. 2007). Accordingly, both pathways, namely the
proteasomal and lysosomal pathway, as well as PKC signalling were investigated in the
current study due their sensitivity to Mn(II).

MATERIAL AND METHODS
Chemicals, reagents, antibodies and cell culture supplies

Manganese chloride(MnCl2); the proteasome inhibitor, ALLN (N-acetyl-leu-leu-
norleucinal); the lysosomal inhibitors: bafilomycine A1 (BAF), chloroquine diphosphate
(CHLORO); PKCs inhibitors: bisindolylmaleimide II (BIS II), Go6976, Rottlerin (ROT);
caspase inhibitor Z-VAD-FMK (Z-Ala-Glu(OMe)-Val-Asp(OMe)-fluoromethyl ketone);
PKC activator α-phorbol 12-myristate 13-acetate (PMA), glutamate (Gln) were purchased
from Sigma Chemical Co. (St Louis, MO, USA). Minimal essential medium (MEM) with
Earle’s salts, heat-inactivated horse serum, penicillin and streptomycin were purchased from
Invitrogen (Carlsbad, CA, USA). Primary antibodies against GLAST, GLT1, PKCα, PKCδ
were obtained from Abcam, (Cambridge, MA, USA); beta-actin was obtained from Sigma
Chemical Co. Secondary, HRP-conjugated antibodies against mouse and rabbit IgGs and
anti-Lamin B were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Primary cultures of astrocytes
Primary cultures of astrocytes were prepared according to previously established protocols
(Aschner et al. 1992). One-day-old Sprague-Dawley rats were decapitated under halothane
anesthesia, and the cerebral cortices were dissected out and digested with bacterial neutral
protease (Dispase, Invitrogen, Eugene, OR, USA). All experiments were performed in
accordance with the guiding principles of the Institutional Animal Care and Use Committee
at Vanderbilt University Medical School. Astrocytes were then recovered by the repeated
removal of dissociated cells and plated at a density of 1 × 105 cells/ml. Twenty-four hours
after the initial plating, the medium was changed to preserve the adhering astrocytes and to
remove neurons and oligodendrocytes. The cultures were maintained at 37°C in a 95%
incubator for 3 weeks in MEM with Earle’s salts supplemented with 10% air/5% CO2 fetal
bovine serum, 100 U/mL of penicillin and 100 μg/mL of streptomycin. The medium was
replaced twice per week. The surface-adhering monolayer cultures were > 95% positive for
the astrocytic marker, glial fibrillary acidic protein (GFAP). All experiments were
performed 3 weeks post-isolation.

Treatment Protocols
Where indicated, MnCl2 was added to the culture medium. The chosen MnCl2
concentrations were based on our previous findings. The physiological range (no symptoms)
was 75–100 μM, and clinical signs increased in frequency and severity above this level.
Cells were treated with 100 μM (physiological range) or 500 μM MnCl2, representing a
range of Mn(II) concentrations considered to be toxic in cultured astrocytes (Milatovic et al.
2007), as well as in the in vivo brain (Suzuki et al. 1975). For assessment on the role of the
proteasome and lysosome in Mn(II)-induced downregulation of Glu turnover, cells were
treated with 10 μM ALLN (N-acetyl-leu-leu-norleucinal) and 500 nM BAF (bafilomycine
A1) or 100 μM CHLORO (chloroquine diphosphate), respectively. The role of PKC
signaling or caspase 3 in Mn(II)-induced downregulation of Glu transport was evaluated in
the presence of 100 nM PMA (α-phorbol 12-myristate 13-acetate), 10 μM BIS II
(bisindolylmaleimide II), 1μM Gö6976, 5 μM Rot (Rottlerin). Caspase-3 involvement in
Mn(II)-dependent disruption of Glu turnover were performed in the presence of caspase-3
inhibitor - 50 μM Z-VAD-FMK (Z-Ala-Glu(OMe)-Val-Asp(OMe)-fluoromethyl ketone.
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PKCδ and PKCα Knockdown by Short Hairpin RNA (shRNA)
At 50–60% confluence, primary astrocytes were infected for 24 h with 15 μl lentiviral
particles containing 1 × 106 infectious units of virus (IFU) prior to 1, 4, 8 and 24 h 500 μm
Mn(II) treatment. Knockdown efficiency was assessed by western blot analysis. Lentiviral
particles containing expression shRNA constructs against PKCδ and PKCα (Santa Cruz
Biotechnology, Santa Cruz, CA) were used to knock down PKCδ. Control shRNA lentiviral
particles containing a sequence with no known gene target (Santa Cruz Biotechnology,
Santa Cruz, CA) was used as the negative control.

Astrocyte glutamate uptake assay
Astrocytes (24-well plates) were treated with 10 μM ALLN, 100 μM CHLORO, 10 μM BIS
II, 1μM Gö6976, 5 μM Rot or 50 μM Z-VAD-FMK, for 1, 4, 8, 24 h or with 100 nM PMA
for 0.5, 1, 2, 4, 6, 8, or 24 h. Next, the culture media were washed and replaced with the
uptake buffer, pre-warmed HEPES (4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid) -
buffered solution containing 122 mM NaCl, 3.3 mM KCl, 0.4 mM MgSO4, 1.3 mM CaCl2,
1.2 mM KH2PO4, 25 mM HEPES, and 10 mM D-(+)-glucose, pH of 7.4. Five min later,
pre-warmed uptake buffer containing 0.25 μCi/ml L-[3H]-glutamate (specific activity: 49.0
Ci/mmol, Amersham Pharmacia Biotech, Piscataway, NJ, USA) and unlabelled Glu at a
final concentration of 100 nM (Lee et al. 2009) was added. Uptake was terminated after 10
min of incubation at 37°C with ice-cold sodium-HEPES buffer, and cells were lysed by
incubation with 1 M NaOH for 30 min at 37°C. An aliquot of the lysate was transferred to a
scintillation vial, LSC cocktail (Fisher Scientific) was added, and radioactivity was
measured in a scintillation counter (LS 6500 Beckman, Fullerton, CA, USA). The remainder
of the lysate was used for protein determination by the bicinchoninic acid protein assay
(Pierce, Rockford, IL, USA). Radioactivity counts were corrected for protein levels and
calculated as Glu nmol/mg protein/min. Experiments were performed in quadruplicates in
three-five independent cultures.

Nuclear and cytosol fractionation
Cells were exposed to 100 μM or 500 μM Mn for 1, 4, 8 or 24 h, and after each treatment
the nuclear and cytoplasmic were fractionated with the Nuclear/cytosol fractionation kit,
following the manufacturer’s protocol (BioVison, Mountain View, CA, USA).

Western blot analysis
After treatment, astrocytes were washed twice with phosphate-buffered solution (PBS) and
then lysed with RIPA buffer (radio immunoprecipitation assay buffer: 150 mM NaCl, 1.0%
IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate and 50 mM
Tris, pH 8.0), containing a protease inhibitor and phosphatase inhibitor cocktail (Sigma-
Aldrich, St Louis, MO, USA). Protein concentrations in the astrocytic lysates were
determined with the bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL). An
equal amount of protein (30 μg) was loaded and run on a 12% SDS-PAGE and then
transferred to a polyvinylidenefluoride membrane (Millipore, Bedford, MA, USA). The
membrane was blocked for 1h at room temperature in 5% non-fat dry milk in Tris Buffered
Saline with 0.1% Tween 20 (TBS-T). Incubations with primary antibodies were carried out
at 4°C for 24 h in 5% milk in TBS-T buffer at the following concentrations: anti-GLAST
(1:1,000), anti-GLT1 (1:1,000), anti-Lamin B (1:500), anti-PKCδ (1: 2,000), anti-PKCα
(1:1,000), anti-beta actin (1:5,000). Secondary antibody incubations were performed at room
temperature for 1.5 h using anti-rabbit IgG or anti-mouse IgG (1:2,000). Western blots were
visualized with Thermo Scientific Pierce Supersignal West Dura Extended Duration
Chemiluminescent Substrate (Pierce, Rockford, IL, USA). Band intensities were quantified
with the AlphaEaseFC Imaging System software (Alpha Innotech, San Leandro, CA, USA).
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Co-immunoprecipitation
Cells were washed twice with PBS and then lysed with RIPA buffer containing protease and
phosphatase inhibitors. Lysates containing 1000 μg of protein were pre-cleared by shaking
at 4°C for 1 h with 40 μl of Pansorbin cells (Calbiochem, San Diego, CA, USA) followed
by centrifugation at 3,000 × g for 5 min at 4°C. The supernatant was incubated overnight at
4°C with GLAST and GLT1 or control rabbit IgG antibodies. Proteins were precipitated by
incubation for 2 h at 4°C with 25 μl of protein-G agarose beads (Sigma-Aldrich, St Louis,
MO, USA) and subsequent centrifugation at 1,000 x g for 1 min at 4°C. Immunocomplexes
were washed three times with RIPA buffer and once with wash buffer (100 mM NaCl, 50
mM Tris-HCl, pH 7.5, 0.5% Nonidet P-40) solubilized at 95°C for 5 min in 40 μl of SDS-
PAGE loading buffer with 0.1M DTT, and then subjected to western blot analysis.

Statistical analysis
Results are expressed as the mean ± S.D. from a minimum of three independent astrocytic
cultures. Statistical analysis was carried out with two-way and/or one-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc test. All analyses were performed with
GraphPad Prism 4.02 for Windows (GraphPad Software, San Diego, CA).

RESULTS
Glu uptake in astrocytes exposed to Mn(II) and inhibitors of the lysosomal/endosomal or
proteasome machinery of protein degradation

To investigate whether Mn(II) targets the Glu transporter to the lysosomal/endosomal or
proteasome machinery of protein degradation we performed a series of experiments.
Cultured primary astrocytes were incubated for various time points with the lysosomal
inhibitors chloroquine (CHLORO) and bafiliomycin (BAF), or the proteasome inhibitor
ALLN. BAF (500 nM) and ALLN (10 μM) failed to reverse the Mn(II)-induced decrease in
astrocytic Glu uptake at 1, 4, 8 h (Fig. 1a, b). However, co- treatment with 500 μM Mn(II)
for 1 h, or with 100 μM and 500 μM Mn(II) for 4 h and CHLORO reversed the Mn(II)–
induced decrease in Glu transport (Fig. 1c).

Glu uptake in astrocytes exposed to Mn (II) and inhibitors or activators of the PKC
pathway

Our previous study established that Mn(II) increases PKC activity (Sidoryk-Wegrzynowicz
et al. 2011). Given that PKC activation leads to the downregulation of a number of
neurotransmitter transporters, including Glu transporters (for review see Gonzalez and
Robinson, 2004), we hypothesized that the PKC pathway contributes to the Mn(II)-induced
disruption of Glu turnover. To address whether modulation of PKC activity may affect Glu
turnover, an uptake assay was performed in the presence of the PKC activator - phorbol 12-
myristate 13-acetate (PMA) and the PKC inhibitor - bisindolylmaleimide II (BIS II). As
shown in Fig. (2), PKC stimulation with PMA from 0.5 - 8 h significantly decreased
astrocytic Glu uptake with a maximal effect at 8 h (43 % ± 4% of control); however, no
effect on Glu uptake was observed after 24 h of PKC stimulation (data not shown). Co-
treatment with Bis II reversed Mn(II)-induced Glu uptake inhibition after 1 h and 4 h (Fig.
3a). These results strongly support the hypothesis that PKC signaling is involved in Mn (II)–
mediated disruption of Glu transport.

Our previous study demonstrated that Mn(II) treatment increases the phosphorylation of
both the PKCα and PKCδ isoforms (Sidoryk-Wegrzynowicz et al. 2011). Therefore, we
sought to determine if these isoforms mediate the Mn(II)-induced decrease in Glu transport.
As shown in Fig. 3(b) the inhibition of astrocytic Glu uptake after Mn(II) treatment for 1 h
(500 μM Mn(II)) or 4 h (100 μM and 500 μM Mn(II)) was abrogated by the specific
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inhibitor of PKCα, 1 μM Go6976. When present in the medium for >4 h there appeared to
be a trend towards restoration of the Mn(II)-induced decrease in Glu uptake; however, this
effect was statistically indistinguishable from the controls. Inhibition of PKCδ by 5 μM
rottlerin (ROT) reversed the Mn(II)-induced downregulation in Glu uptake both in response
to 500 μM Mn(II) treatment for 1 h as well as to 100 μM and 500 μM Mn(II) for 4 or 8 h
(Fig. 3c).

Glu uptake in astrocytes exposed to Mn(II) and the caspase inhibitor Z-VAD-FMK
Our previous study showed that PKCδ, among all investigated isoforms, was the most
affected by Mn(II) (Sidoryk-Wegrzynowicz et al. 2011). We and others postulated that
Mn(II) leads to activation of PKCδ by caspase-3-dependent proteolytic cleavage
(Latchoumycandane et al. 2005; Sidoryk-Wegrzynowicz et al. 2011). Herein, we
demonstrate that Mn(II)–induced downregulation of astrocytic Glu uptake is abrogated by
the caspase inhibitor Z-VAD-FMK in analogous way to ROT treatment (Fig. 3d).

Astrocytic GLAST and GLT1 protein levels after treatment with Mn(II) and/or PKC pathway
and caspase inhibitors

Next, we performed a series of experiments to determine GLAST and GLT1 protein
expression levels in astrocytes treated with Mn and/or inhibitors of pathways associated with
Mn(II)-induced downregulation of Glu uptake. As shown on Fig. 4–500 μm Mn(II)
treatment decreased GLAST and GLT1 protein expression levels at all time points (4, 8 or
24 h). Co-treatment with Bis II, CHLORO, Gö6976, ROT or Z-VAD-FMK after 4 h, and
Gö6976, ROT or Z-VAD-FMK after 8 h reversed the Mn(II)-induced GLT1 protein
downregulation. After 24 h treatment, only Z-VAD-FMK fully restored the Mn(II)-induced
decrease in GLT1 protein level (Fig. 4). As shown on Fig. 4(a, b) 4 h co-treatment with
Gö6976, as well as 4 h or 8 h with Z-VAD-FMK, reversed the Mn(II)-induced
downregulation of astrocytic GLAST protein expression.

Glu uptake in PKCδ and PKCα knockdown astrocytes
Since our results established a critical role for the PKC pathway in mediating Glu uptake in
the presence of Mn(II), additional uptake experiments were performed after knockdown of
the PKCδ and PKCα isoforms. Western blot analysis from 3 inedpendent transfection
showed significant difference in the gene knockdown efficiency (47 % ± 9% of control for
PKCδ and 51 % ± 8% of control for PKCα) (Fig. 5a). As shown in Fig. 5b, cells transfected
with control shRNA were sensitive to Mn(II) and showed decreased Glu uptake after 1 h
treatment with 500 μM of Mn(II), and after 4, 8 or 24 h treatment with 100 μM or 500 μM
of Mn(II). Cells transfected with shRNA against PKCδ were unaffected by treatment with
500 μM of Mn(II) for 1 h, or by 100 μM and 500 μM Mn(II) treatment for 4 h, as well by
100 μM Mn(II) treatment for 8 h or 24 h. Transfected cells remained sensitive to 500 μM
Mn(II) after 8 h or 24 h of treatment (Fig. 5c). Knockdown of PKCα led to insensitivity in
response to 1 h treatment with 500 μM Mn(II) (Fig. 5c). PKCα shRNA transfected cells
exhibited higher sensitivity at longer Mn(II) treatments (4, 8 or 24 h), but lesser than those
transfected with control shRNA (Fig. 5c, d).

Mn(II)-induced PKCδ nuclear translocation in astrocytes
Our previous findings established that Mn(II) promotes PKCδ activation by its
phosphorylation or caspase-3-dependent proteolytic cleavage (Sidoryk-Wegrzynowicz et al.
2011). Herein, we have further demonstrated that Mn(II) treatment increases astrocytic
nuclear PKCδ levels after 1 h (1.64 ± 0.8-fold; 100 μM Mn(II) and 1.57± 0.9-fold; 500 μM
Mn(II)), 4 h (1.49 ± 0.6-fold; 100 μM Mn(II) and 2.21 ± 0.7-fold; 500 μM Mn(II)), 8 h
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(2.34 ± 0.8-fold; 100 μM Mn(II) and 2.52 ± 0.7-fold; 500 μM Mn(II)) and 24 h (2.24 ± 0.8-
fold; 100 μM Mn(II) and 2.22 ± 0.9-fold; 500 μM Mn(II) (Fig. 6).

PKCδ and PKCα associate with glutamate transporters in astrocytes
We performed a series of experiments to examine the possible complexation of Glu
transporters with the PKCα and PKCδ isoforms. Specifically, we sought to determine
whether Mn(II) could affect this interaction. Cell lysates were subjected to
immunoprecipitation using antibodies against the Glu transporters, GLAST or GLT1. As
shown in Fig. 7, Mn(II) significantly increased the association of PKCδ with GLT1 after 1 h
(2.62 ± 0.5-fold 500 μM Mn(II) relative to the control), 4 h (2.04 ± 0.4-fold 100 μM Mn(II)
relative to the control; 2.42 ± 0.5-fold 500 μM Mn(II) relative to the control), 8 h (100 μM
Mn(II) relative to the control) and 24 h (100 μM Mn(II) relative to the control). PKCα
immunoreactivity was evident in GLT1 immunoprecipitates, however Mn(II) treatment had
no effect on the association of GLT1 with PKCα (Fig. 7). Furthermore, no interaction was
observed between PKCα or PKCδ and GLAST.

DISCUSSION
Our previous studies have shown that impairment in GGC, resulting from deregulation of
Gln transporters may contribute to Mn(II)-induced neurotoxicity (Sidoryk-Wegrzynowicz et
al. 2009). We hypothesized that Mn(II) deregulates Gln turnover via PKC signalling and the
ubiquitin-dependent proteolytic system (Sidoryk-Wegrzynowicz et al. 2010, Sidoryk-
Wegrzynowicz et al. 2011). Several additional studies have established the propensity of
Mn(II) to disrupt other components of the GGC, leading to both a reduction in Glu uptake
and elevation in extracellular Glu level (Erikson et al. 2002; Erikson et al. 2008; Lee et al.
2009). The objective of the present study was to extend these early observations and to
specifically address mechanism(s) associated with the Mn(II)-induced disruption of Glu
turnover.

It was previously reported that polyubiquitination targets proteins for proteasomal
degradation, while monoubiquitination serves as a signal to trigger the internalization of
membrane-bound proteins and to regulate the activity of components of the endocytotic/
lysosomal machinery (Sheldon et al. 2008; Yang et al. 2008). Our study demonstrated that
the activation of the lysosomal, rather than the proteasomal pathway, might be responsible
for downregulation of Glu transporter activity after Mn(II) exposure (Fig. 1). Similarly,
studies by Susarla and Robinson (2007) and González-González et al. (2008) revealed that
lysosomal proteolysis is responsible for Glu transporter (GLT1) degradation. Specifically, it
was suggested that precisely controlled internalization followed by lysosomal targeting
represents a significant mechanism of transmembrane transporters activity regulation
(Miranda et al. 2005).

The PKC pathway is responsible for neurotransmitter transporters internalization and
degradation by promoting their ubiquitiniation. This pathway was previously shown to be
involved in the degradation of the dopamine transporter (DAT) (Miranda et al. 2007; Foster
et al. 2008) as well as GLT1 (Gonzalez-Gonzales et al. 2008). PKC-dependent
ubiquitination is mediated either by direct or indirect interaction of the target protein with
E3 ubiquitin ligase(s) (Vina-Vilaseca et al. 2011). It was shown that knockdown of ubiquitin
ligase, Nedd4-2, results in pronounced reduction in the PKC-dependent ubiquitination of
DAT (Sorkina et al. 2006). Our previous study demonstrated that Mn(II) exposure increased
expression of Nedd4-2 as well as the global polyubiquitination of proteins, and that these
events were preceded by the activation of PKC signalling (Sidoryk-Wegrzynowicz et al.
2011). We also showed that PKC signalling was involved in Mn(II)-induced downregulation
of Gln turnover (Sidoryk-Wegrzynowicz et al. 2011). Based on the current results, it appears
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that similar mechanisms are involved in the regulation of Glu turnover. PKC stimulation by
PMA significantly decreased astrocytic Glu uptake, while treatment with the general PKC
inhibitor, BIS II, protected astrocytes from the Mn(II)-induced downregulation of Glu
transport (Figs 2, 3a). We have previously shown that Mn(II) treatment promotes the
specific phosphorylation of PKCα and PKCδ isozymes (Sidoryk-Wegrzynowicz et al.
2011). Accordingly, in the present study we performed a series of Glu uptake studies in the
presence of Gö6976 and ROT, specific inhibitors of the PKCα and PKCδ isoforms,
respectively. Mn(II)-induced downregulation of astrocytic Glu uptake was reversed by ROT
and this effect lasted longer than with Gö6976 (Fig. 3b, c). Interestingly, inhibition of
caspase 3 by Z-VAD-FMK caused an analogous effect on astrocytic Glu uptake as observed
for ROT (Fig. 3d). This is consistent with PKCδ representing a target of caspase 3
proteolytic activity (Hanrott et al. 2008). PKCδ was also shown to be activated by Mn(II)
via proteolytic cleavage both in dopaminergic neurons and in cultured primary astrocytes
(Latchoumycandane et al. 2005; Sidoryk-Wegrzynowicz et al. 2011). Thus, caspase-3-
dependent proteolytic cleavage of PKCδ may contribute to Mn(II)–induced impairment in
Glu transport. Notably, previous studies have shown that caspase-3-dependent PKCδ
activation not only contributes to neuronal apoptosis, but also has a significant feedback
regulatory role in amplification of the apoptotic cascade during neurotoxic stress associated
with Mn treatment (Anantharam et al., 2002 Latchoumycandane et al., 2005).

Glu uptake upon PKC isoform knockdown established the involvement of the PKC pathway
in Mn(II)–induced deregulation of Glu turnover. Astrocytes transfected with shRNA against
PKCδ were unaffected by Mn(II) after 1 or 4 h treatment as well as by lower Mn(II)
concentrations for longer duration, while cells transfected with shRNA against PKCα
exhibited higher sensitivity to Mn(II) (Fig. 5). Additionally, co-immunoprecipitation
revealed co-localization of PKCδ and PKCα with GLT1 (Fig. 7). Corroborating these
findings, an earlier study has shown that GLT1 and PKCα co-expression is responsible for
transporter internalization in C6 glioma cells (Gonzalez et al. 2005). Furthermore, we
showed that Mn(II) increased the interaction between PKCδ and GLT1, but did not affect
the interaction between PKCα and GLT1 (Fig. 7). These observations suggest that PKCδ
rather than PKCα is involved in Mn(II)-induced disruption of Glu turnover. As shown
previously in astrocytes, PKCδ co-localized with the Gln transporters SNAT3 and ASCT2.
In addition, ASCT2 was found to be a major PKCδ target among Gln transporters after
Mn(II) treatment (Sidoryk-Wegrzynowicz et al. 2011). Here, we have demonstrated that
Mn(II) treatment increases the nuclear expression levels of this isoforms (Fig. 6). These
events toghether with the observed increase in PKCδ and GLT1 interaction may play
prominent role in modulating Mn(II)-induced glutamate dyshomeostasis. Proteolytically
activated PKCδ in the nucleus was found to mediate DNA fragmentation as well as gene
transcription (Kanthasamy et al. 2003). Additionally, Su et al. demonstrated that during
proteasome dysfunction in dopaminergic neuronal cells mitochondrial translocation/
accumulation of the proteolytically cleaved PKCδ triggers mitochondria-mediated apoptotic
cascade (Su et al., 2008). Combined, our findings suggest that Mn(II) can regulate multiple
cellular processes, including GGC in a PKCδ–dependent pattern.

In the present study we also show that Mn(II) decreases the expression of GLAST and
GLT1. Co-treatment with Bis II, CHLORO, Gö6976, ROT or Z-VAD-FMK after 4 h, and
with Gö6976, ROT or Z-VAD-FMK for 8 h reversed the Mn(II)-induced GLT1 protein
downregulation. Attenuation of the Mn(II) effect on GLT1 remained persistent in the
presence of Z-VAD-FMK (Fig. 4). These observations are consistent with the results of the
uptake study, especially at shorter incubation time points (Figs 1c, 3, 4). Longer (>4h)
treatments with the specific PKCα inhibitor, Gö6976 were ineffective in blocking the
Mn(II)–induced downregulation of Glu uptake, while an opposite effect was observed for
GLT1 protein levels (Figs 3b, 4). These results suggest that PKCδ is involved in GLT1
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regulation in specific cellular compartments. This could include short-term GLT1 regulation
by alteration of transporter trafficking and thereby its cell surface expression. We have
demonstrated that the general inhibitor of PKC-BIS II was less effective in blocking Mn(II)-
induced Glu uptake and protein expression downregulation than the specific inhibitors of the
PKCs isoforms (Figs 3, 4). A possible explanation for this observation may be that the
general PKC inhibitor BIS II is more specific for the different PKC isoforms investigated in
the present study.

GLAST was regulated by Mn(II) in a pattern distinct from GLT1 (Fig. 4B). We found that
PKCα inhibition reverses Mn(II)-induced downregulation of GLAST protein expression
(Fig. 4b). However, this effect was not observed after longer Mn(II) treatments, suggesting
short-term PKCα regulation of GLAST expression. Several groups have studied the effects
of PKC on GLAST-mediated transport with contradictory results, showing that activation of
PKC increases, decreases or has no effect on GLAST expression and activity (Casado et al.
1991; Conradt and Stoffel, 1997; González and Ortega 1997; Daniels and Vickroy, 1999).
Other studies showed that activation of PKC rapidly decreases GLT1 cell surface expression
in C6 glioma stably transfected with GLT1 and in primary cultures that endogenously
express GLT1 (Gonzalez et al. 2005; González-González 2008). In our study we found that
both GLAST and GLT1 may be regulated via PKC-dependent pathway, however
contribution of α and δ PKC isoforms is different for either transporter (Figs 3, 4).

Our results demonstrate that PKC signalling is involved in Mn(II)–dependent impairment of
glutamate uptake by neurons, leading to excessive extracellular neurotransmitter
accumulation. Furthermore, the PKC pathway may also contribiute to elevation in
extracellular Glu levels by increasing its release from neurons. PKC has been previously
shown to regulate of extracellular glutamate levels in cerebral cortical synaptosomes,
playing an important role in synaptic plasticity (Coffey et al., 1994). Another study showed
the involvement of PKC in the temperature-dependent elevation of extracellular glutamate
levels in the striatum during ischemia, suggesting that inhibition of PKC activation may be
protective against ischemic brain damage (Boris-Möller and Wieloch, 1998).

Caspase-3 inhibition appeared to have the most potent effect in reversing the Mn(II)-induced
inhibition of Glu transport (Figs 3d, 4). Notably, inhibition of caspase-3 was more effective
in reversing Mn(II)–dependent deregulation of GLT1 and GLAST expression than inhibition
of PKCδ (Fig. 4). These findings suggest that other PKCδ-independent mechanism(s) may
be involved in disruption of Glu turnover upon Mn(II) treatment. Notably, Mn(II) was found
to be associated with caspase- 3 activation in a number of studies (Choi et al. 2007; Yin et
al. 2008); yet, it was also shown that caspase-3 also directly cleaves and inactivates GLT1
transporter, while GLAST was lacks conventional cleavage sites for caspase-3 (Boston-
Howes et al. 2006). Accordingly, this selective cleavage of GLT1 may explain the more
pronounced effect of caspase-3 inhibition on GLT1 than on GLAST transporter expression
(Fig. 4a, b). However, at the same time point (24 h), Mn(II)-dependent deregulation of
GLT1 expression was reversed by caspase -3 inhibition, but had no effect on Mn(II)–
induced disruption in Glu uptake (data not shown). This suggests that other mechanisms,
e.g. postranslational modifications, may be involved in Mn(II)-induced dysfunction in
GLT1.

In summary, our studies show disruption of GGC in Mn(II) treated astrocytes, leading to the
accumulation of extrasynaptic Glu. Notably, Mn(II) is implicated in the impairment of GGC
at two key regulatory steps, namely both Glu and Gln turnover. Herein, we identified
mechanisms responsible for Mn(II)-induced deregulation of Glu turnover that are mediated
by GLT1 and GLAST. Our findings along with previous observations establish that Mn(II)
affects both Glu and Gln transport via similar PKC signalling events. Future studies should

Sidoryk-Wegrzynowicz et al. Page 9

J Neurochem. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



be directed at uncovering therapeutic modalities that reverse these effects and restore
optimal GGC in astrocytes.
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ALLN N-acetyl-leu-leu-norleucinal

BAF bafilomycine A1

BIS II bisindolylmaleimide II

CHLORO chloroquine diphosphate

DAT dopamine transporter

GGC the glutamate-glutamine cycling

GLAST glutamate–aspartate transporter

GLT1 glutamate transporter

IFU infectious units of virus

PMA activator α-phorbol 12-myristate 13-acetate, PKC, protein kinase C

ROT rottlerin

Nedd4-2 neuronal precursor cell expressed, developmentally down-regulated 4-2
activity

Z-VAD-FMK Z-Ala-Glu(OMe)-Val-Asp(OMe)-fluoromethyl ketone
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Fig. 1. Glu uptake in astrocytes exposed to Mn(II) and inhibitors of the lysosomal/endosomal or
proteasome machinery of protein degradation
Total L-(G-3H)-Gln (0.25 μCi, specific activity: 49.0 Ci/mmol) uptake was measured after
1, 4 or 8 h exposure to 100 or 500 μM Mn alone or in the presence of the proteasome
inhibitor ALLN, two -way ANOVA found main effect of Mn(II) exposure ((F(1,101)=34.12,
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p<0.0001) and Mn(II) x time interaction ((F(1, 101)=45.43, p<0.001) on Glu uptake (a); the
lysosomal inhibitors: bafiliomycin (BAF), two -way ANOVA found main effect of Mn(II)
exposure ((F(1,98)=78.56, p<0.0001) and Mn(II) x time interaction ((F(1, 98)=45.46,
p<0.001) on Glu uptake (b); chloroquine (CHLORO), two -way ANOVA found main effect
of Mn(II) exposure ((F(1,102)=66.42, p<0.0001), Mn(II) x time interaction ((F(1,
102)=65.23, p<0.001) and Mn(II) x CHLORO interaction ((F(1, 102)=5.133, p<0.025) on
Glu uptake (c). Data represent the mean ± S.D. from 4–5 independent sets of cultures, each
performed in triplicate; **p < 0.01, ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01 vs.
Mn(II) exposed cells (one-way ANOVA followed by post hoc Tukey’s test).
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Fig. 2. Astrocytic Glu uptake upon stimulation of PKC signalling
Total L-(G-3H)-Gln (0.25 μCi, specific activity: 49.0 Ci/mmol) uptake was measured in
control and 100 nM PKC-activating phorbol 12-myristate 13-acetate (PMA) treated primary
cultures of astrocytes for 0.5, 1, 2, 4, 6, 8 or 24 h. Data represent the mean ± S.D. from 3
independent sets of cultures, each performed in triplicate; *p < 0.05, **p < 0.01, ***p <
0.001 control vs. PMA-exposed cells (one-way ANOVA followed by post hoc Tukey’s test).
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Fig. 3. Effect of PKC inhibition on Mn(II)-induced downregulation of astrocytic Glu uptake
Total L-(G-3H)-Gln (0.25 μCi, specific activity: 49.0 Ci/mmol) uptake was measured after
1, 4 or 8 h exposure to 100 μM or 500 μM of Mn(II) alone or in presence of the general
PKC inhibitor bisindolylmaleimide II (BIS II), two -way ANOVA found main effect of
Mn(II) exposure ((F(1,103)=54.62, p<0.0001), Mn(II) x time interaction ((F(1, 103)=22.33,
p<0.05) and Mn(II) x BIS II interaction ((F(1, 103)=15.099, p<0.0002) on Glu uptake (a);
the selective PKCα inhibitor Gö6976, two -way ANOVA found main effect of Mn(II)
exposure ((F(1,104)=73.60, p<0.0001), Mn(II) x time interaction ((F(1, 73)=62.13, p<0.05)
and Mn(II) x Gö6976 interaction ((F(1, 103)=8.153, p<0.0052) on Glu uptake (b); the
selective PKCδ inhibitor Rottlerin (ROT), two- way ANOVA found main effect of Mn(II)
exposure ((F(1,87)=14.18, p<0.0002), Mn(II) x time interaction ((F(1, 93)=42.23, p<0.05)
and Mn(II) x ROT interaction ((F(1, 87)=17.18, p<0.0001) on Glu uptake (c); the caspase
inhibitor Z-VAD-FMK (Z-Ala-Glu(OMe)-Val-Asp(OMe)-fluoromethyl ketone), two -way
ANOVA found main effect of Mn(II) exposure ((F(1,101)=20.69, p<0.0001), Mn(II) x time
interaction ((F(1, 77)=46.24, p<0.05) and Mn(II) x zVAD-FMK interaction ((F(1,
101)=26.80, p<0.0001) on Glu uptake (d). Data represent the mean ± S.D. from 4–5
independent sets of cultures, each performed in triplicate; **p < 0.01, ***p < 0.001 vs.
control; #p < 0.05, ##p < 0.01 vs. Mn(II) exposed cells (one-way ANOVA followed by post
hoc Tukey’s test).
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Fig. 4. Glutamate transporter protein levels after Mn exposure and/or inhibition of PKC
signalling, caspase 3 and lysosomal pathways
GLT1 and GLAST protein levels were determined by western blotting after 4, 8 or 24 h
exposure to 500 μM Mn(II) alone or in presence of the general PKC inhibitor
bisindolylmaleimide II BIS, the selective PKCα inhibitor Gö6976, the selective PKCδ
inhibitor Rottlerin (ROT), the caspase inhibitor Z-VAD-FMK (Z-Ala-Glu(OMe)-Val-
Asp(OMe)-fluoromethyl ketone), and the lysosomal inhibitor chloroquine (CHLORO). Data
represent the mean ± S.D. from 4 independent sets of cultures, each performed in triplicate;
two -way ANOVA found main effect of Mn(II) exposure ((F(1,42)=45.62, p<0.0001),
Mn(II) x time interaction ((F(1, 42)=22.4 p<0.005), Mn(II) x Gö6976 interaction ((F(1,
42)=10.9 p<0.0052), and Mn(II) x zVAD-FMK interaction ((F(1,39)=12.89, p<0.0034) on
GLAST protein level; two- way ANOVA found main effect of Mn(II) exposure
((F(1,38)=10.19, p<0.005; Mn(II) x time interaction ((F(1, 38)=31.3 p<0.005), Mn(II) x BIS
II interaction ((F(1, 38)=7.848, p<0.031); Mn(II) x CHLORO interaction ((F(1, 38)=5.49,
p<0.042), Mn(II) x Gö6976 interaction ((F(1, 40)=4.42, p<0.049), Mn(II) x ROT interaction
((F(1, 42)=3.19, p<0.0228); Mn(II) x zVAD-FMK interaction ((F(1, 42)=4.22, p<0.0252) on
GLT1 protein level; *p < 0.05, **p < 0.01 vs. control (one-way ANOVA followed by post
hoc Tukey’s test).
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Fig. 5. Astrocytic glutamate uptake upon PKCα and PKCδ knockdown
Cells were transfected with lentivirus for 24 h (a). Next cells were exposed for 1, 4, 8 or 24
h to 100 μM or 500 μM of Mn(II) followed by Glu uptake analysis (b–d). Data represent the
mean ± S.D. from 4 independent sets of cultures, each performed in triplicate; *p < 0.05,
**p < 0.01, ***p < 0.001 control vs. Mn(II)-exposed cells (one-way ANOVA followed by
post hoc Tukey’s test).
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Fig. 6. Mn(II)-induced astrocytic PKCδ nuclear translocation
Cells were treated with 100 μM or 500 μM of Mn(II) for 1, 4, 8 or 24 h. Next, the nuclear-
rich fraction was isolated with the Nuclear/cytosol fractionation kit following the
manufacturer’s protocol (BioVison, Mountain View, CA, USA) and analyzed for PKCδ and
the nuclear marker Lamin B by western blotting. Data represent the mean ± S.D. from 3
independent sets of cultures, each performed in triplicate; *p < 0.05, **p < 0.01, ***p <
0.001 control vs. Mn(II)-exposed cells (one-way ANOVA followed by post hoc Tukey’s
test).
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Fig. 7. PKCδ and PKCα associate with glutamate transporters in primary astrocyte cultures
Cells were exposed to 100 or 500 μM Mn(II) for 1, 4, 8 or 24 h, then lysed and subjected to
immunoprecipitation with antibodies against GLT1, and probed for PKCδ or PKCα. In each
experiment, an antibody against control IgG was additionally used for immunoprecipitation
controlling for nonspecific binding. Similar results were obtained in three independent sets
of cultures; *P < 0.05 and **P < 0.01 control (0 h) vs. Mn(II)-exposed (one-way ANOVA
followed by post hoc Tukey’s test).
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