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Abstract

Microglia are resident immune cells of the central nervous system. Their persistent activation in
neurodegenerative diseases, traditionally attributed to neuronal dysfunction, may be due to a
microglial failure to modulate the release of cytotoxic mediators such as nitric oxide (NO). The
persistent activation of microglia with the subsequent release of NO vis-a-vis the accumulation of
redox transition metals such as copper (Cu) in neurodegenerative diseases, prompted the
hypothesis that copper would alter NO signaling by changing the redox environment of the cell
and that, by altering the fate of NO, microglia would adopt a different phenotype. We have used
the microglial cell model, BV2, to examine the effects of Cu(l) on NO production and activation
as they have been shown to be phenotypically plastic. Our results show that cell viability is not
affected by Cu(l) in BV2 microglia and that it has no effect on iINOS mRNA, protein expression
and nitrite release. However, when LPS is added to Cu(l)-treated medium, nitrite release is
abrogated while iNOS expression is not significantly altered. This effect is Cu(l)-specific and it is
not observed with other non-redox metals, suggesting that Cu(l) modulates NO reactivity.
Immunofluorescence analysis shows that the M1 (inflammatory) phenotype of BV2 microglia
observed in response to LPS, is shifted to an M2 (adaptive) phenotype when Cu(l) is administered
in combination with LPS. This same shift is not observed when iNOS function is inhibited by
1400W. In the present study we show that Cu(l) modulates the release of NO to the media,
without altering iINOS expression, and produces a phenotypic changes in BV2 microglia.
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1l.Introduction

Microglia are supportive cells of the central nervous system (CNS). They play a critical role
for the normal development of the CNS [1], actively monitor the surrounding
microenvironment [2] and, when deviations are detected, engage in responses to restore the
normal milieu. Microglia represent one effecter arm of the CNS innate immunity as they are
involved in pathogen recognition [3] and are the first to respond to help protect the CNS
from invading pathogens and from the damaging consequences of neural trauma and
disease. Microglia are morphologically plastic, and can take on one of three forms: ramified,
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activated and amoeboid [4]. Ramified (or resting) microglia display small cell bodies, fine
highly branched processes, and low surface antigen expression. Although attached when
ramified, the motility of their processes allows microglia to survey circumscribed regions [2,
5]. Activation is marked by the shortening and thickening of cellular processes and by an
increased production of immune-related proteins [6, 7]. Migration of activated cells is
prompted by the release of the B-integrin marker CD11a [8], and the release of ATP and
ADP from injured neurons [9], and, when necessary, activated microglia also enter the cell
cycle and proliferate [10]. In addition to playing an important role in innate immunity,
microglia also play a role in adaptive immunity role when, subsequent to an increase in the
expression of MHC class |1 antigens they become antigen-presenting cells [11-13].

Copper (Cu) is an essential metal and a cofactor for many enzymes. However, exposure to
high levels of Cu can be toxic. Cu can induce cellular toxicity through catalysis of the
formation of reactive oxygen species (ROS), particularly in its reduced form Cu(l) [14].
Cu(l) has a great affinity for thiols (SH groups) and, thus, it is an effective catalyst for the
formation and degradation of S-nitrosothiols (SNOs) [15]. Within the brain, Cu is
sequestered inside astroglia where it is distributed to storage sites, enzymes and organelles
for normal cellular functioning. Alterations of brain Cu levels have been observed in the
pathogenesis of several neurodegenerative diseases including Alzheimer's disease [16] and
familial amyotrophic lateral sclerosis [17]. Signaling for the activation of inflammatory
pathways (possibly through the NF-xB pathway [18]) has been shown to be regulated by
SNO formation and thus Cu(l) may significantly alter NO-mediated signaling in microglia.

In this study we examined whether microglial plasticity in response to LPS is altered by Cu;
and whether such alteration depends on the fate of NO. To that end, BV2 microglia were
treated with LPS in the presence of Cu(l) to determine the relative expression of markers
selected for their resting or activated profile characteristics. Our study shows that BV2
microglia alter their phenotype in response to LPS when Cu(l) is present, but are unaffected
by the presence of Cu(l) alone. These results suggest that Cu(l) alters the microglial
response to a toxin and this alteration may contribute to neurodegeneration.

2. Materials and Methods
2.1 Cell Cultures

The immortalized murine microglia cell line BV2 was kindly provided by Dr. Nancy Lee
(California Pacific Research Center, San Francisco. CA). The cells were maintained in
Dulbecco's modified Eagle's Medium (DMEM; ATCC, Manassas, VA) supplemented with
10% heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA), 100U/mL penicillin,
100p.g/mL streptomycin (Gibco), and 1% L-glutamine (Lonza, Walkersville, MD) and
maintained at 37°C in a humidified atmosphere of 95% O, and 5% CO-.

2.2 Cell Stimulation

Microglia cells were plated onto 24-well culture plates at a density of 100,000 cells/well/
2mL DMEM. Twenty-four hrs later, culture medium was replaced and cells were stimulated
with 0, 1, or 100 M Copper(l) chloride (Sigma-Aldrich, St. Louis, MO) dissolved in de-
ionized, de-oxygenated water. Eight hrs after copper stimulation, 0, 100, or 1000 ng/mL
LPS (from Escherichia coli 0128:B12; Sigma, St. Louis, MO) was added to the medium.
Twenty M 1400w Dihydrochloride (Tocris Bioscience, Ellisville, MO) was added
immediately before LPS challenge.
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2.3 Nitrite measurement

The nitrite release to the medium was used as a measure of NO production. Nitrite
determination was performed using a potassium iodide and acetic acid mixture at room
temperature and analyzed with the lonics/Sievers Nitric Oxide Analyser 280 (NOA 280).
The concentration of nitrite was calculated from a standard curve generated using NaNO
(Sigma Chemical Company, St. Louis, MO).

2.4 Immunoblotting

After each treatment period, cells were detached with Accutase (eBioscience.com). Cells
were lysed in ice-cold buffer (Lysis buffer: Hepes 20 mM, NaCl 150 mM, glycerol 10%,
triton x 100 1%, EGTA 1 mM, MgCl, 1.5 mM, pH 7.4 containing protease inhibitors PMSF
1 mM, Na Pyrophosphate 10 mM, NaF 50 mM, Na Orthovanadate 2 mM, Lactacystin 1 pM,
AEBSF 1 mM, EDTA 0.5 mM, Bestatin 65 uM, E-64 0.7 LM, Leupeptin 0.5 .M and
Aprotinin 0.15 pM). Protein concentration in cell lysates was determined by Bradford Assay
(BioRad, Hercules, CA). An equal amount of protein for each sample was separated by 10%
SDS-polyacrylamide gel electrophoresis (NUPAGE; Invitrogen, Carlsbad, CA) and
transferred to a nitrocellulose membrane. After blocking, the membrane was incubated with
polyclonal rabbit anti-mouse i-NOS antibody (1:1000; Santa Cruz Biotechnologies, Santa
Cruz, CA) and subsequently incubated in goat anti-rabbit IgG HRP conjugated antibody
(1:5000; Invitrogen, Carlsbad, CA). ECL reagents (EG Healthcare, Piscataway, NJ) were
used as detection system according to the manufacturer's instruction. Membranes were
subsequently immersed in stripping buffer (Thermo Sceintific, Rockford, IL) and, after
extensive rinsing, blocked in 5% BSA in PBS. GAPDH was utilized as a loading control and
blots were reprobed with GAPDH monoclonal antibody (1:5000; Millipore, Billerica, MA)
overnight, followed by the secondary antibody (1:2000; Invitrogen, Carlsbad, CA) for 2 hrs.
Protein was visualized with ECL. For Arginase | (1:1000; Santa Cruz Biotechnology, Santa
Cruz, CA) followed by the appropriate secondary antibody, the protocol was the same as for
iNOS.

2.5 Quantitative RT/PCR

Total RNA from the cell suspension was extracted with TRIzol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer's instructions. Briefly, RNA was precipitated
using isopropyl alcohol. After centrifugation (10000g, 10 min, 4°C), the pellet was washed
in 70% (vol/vol) ethanol and re-suspended in water. RNA was measured by
spectrophotometry, and 1 g of RNA was used for first strand cDNA synthesis with the
SuperScript 111 First Strand Synthesis System for RT/PCR (Invitrogen Life Technologies,
Carlsbad, CA). Quantitative real-time PCR was performed on a 7500 Real-time PCR System
(Applied Biosystems, Foster City, CA). TagMan PCR was performed using a 20-pl final
reaction volume, containing 10 .l TagMan Universal PCR Master Mix, 1 pl 20x Assays-on-
Demand Gene Expression Assay Mix, and 9 .l cDNA diluted in RNAse-free water. The
assay was performed in duplicate. The sequence of temperature cycles for all reactions was
2 min at 50°C, 10 min at 95°C with 40 two-step cycles (95°C for 15 s and 60°C for 60 s).
Assays-on-Demand Gene expression primers to NOS2 (iNOS), IL-1p and rRNA (used as
endogen) were purchased from Applied Biosystems (Foster City, CA). The PCR signal of
the target transcript was related to that of the control by relative quantification. The 2~AACT
method was used to analyze the relative changes in gene expression. The housekeeping gene
Actin (Applied Biosystems, Foster City, CA) was used as internal control to normalize the
PCR for the amount of RNA added to the RT reaction and the target gene expression was
normalized to the control.
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2.6 Immunofluorescence

Microglia were plated at a density of 50,000 cells on previously poly-L-lysinated 8-well
chambers (Nalgene Nunc International, Rochester, NY) in DMEM. Twenty-four hrs after
treatment, the medium was aspirated and the cells were fixed in 3% paraformaldehyde (pH
7.4), rinsed in PBS, 200mM glycine in PBS and followed by an additional rinse in PBS.
Cells were permeabilized with 0.3% Triton-X, in 0.1% BSA PBS, which was omitted for
surface markers, and rinsed in PBS. Cells were blocked in 5% BSA (Sigma, St. Louis, MO)
in PBS for 45 min. After blocking, the cells were incubated overnight at 4°C in primary
antibodies against NFxB, Cox2 (Abcam, Cambridge, MA) Dectin-1, CD11b (AbD Serotec,
Raleigh, SC) or Ym1 (Stemcell Technologies, Vancouver, Canada) in a 1:100 dilution in
0.1% BSA PBS. After primary antibody incubation, cells incubated in Dectin-1 were treated
with 0.3% H,0, (as per manufacturer's instructions) for 10 min after 2 rinses in PBS. All
cells were rinsed extensively in PBS with 0.1% BSA and then incubated for 2 hrs at room
temperature in the appropriate FITC-conjugated 1gG secondary antibody (dilution 1:200).
After extensive rinses, slides were incubated for 5 min in DAPI (1ng/w.l; Invitrogen,
Carlshad, CA), followed by additional rinses in PBS. Slides were subsequently coverslipped
using Prolong Gold Antifade reagent (Invitrogen, Carlsbad, CA). All steps starting with the
secondary antibody were performed under dimmed light conditions.

2.7 NF-kB p50 Transcription Factor Assay

Nuclear proteins from cell suspensions of BV2 microglia were extracted using the Sigma
Nuclear Extract Kit (Sigma St. Louis, MO) according to the manufacturer's instructions.
Activation of the NFxB p50 subunit in 5 g nuclear extract was determined using the NFxB
enzyme-linked immunosorbent assay (ELISA)-based transcription factor kit (TransAm
assay) according to the manufacturer's protocol.

2.8 DAF-2 DA

To measure intracellular nitrosation, BV2 microglia were plated at a density of 300,000
cells/well/2mL, and, 24 hrs later, challenged with 100 .M Cu(l), followed 8 hrs later by
1000 ng/mL LPS. Six hrs after LPS treatment the cells were loaded with DAF-2 DA (Cell
Technology, Mountain View, CA) for 20 min and washed before photomicrographs were
taken, as per manufacturer's instructions. Data were analyzed with Biogquant (Image
Analysis Corporation, Nashville, TN) and expressed as pixel intensity. The means represent
readings taken from 4 areas in 5 different replicates.

2.9 Statistical Analysis

3. Results

All experiments were run in replicate and the data are presented as means+SE. Student's T-
tests and ANOVAs were used to determine statistical difference among groups with a P-
value <0.05 considered statistically significant.

3.1 LPS-induced release of nitrite is abrogated by copper

To determine the dose of LPS that would result in the maximal release of nitrite, BV2 cells
were exposed to a single administration of LPS in doses ranging from 0 to 1000 ng/mL.
Figure 1A shows that BV2 cells respond in a dose and time dependent manner to LPS as
measured by nitrite release to the medium. All doses of LPS used resulted in significant
nitrite release at 24 hrs; maximal release for the doses tested was observed with 1000 ng/
mL. Although detectable, levels of nitrite are unaffected by any of the LPS doses tested 3
hrs after challenge. The subsequent gradual increase of nitrite release observed at 6 and 12
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hrs after treatment, spikes at 24 hrs. This time point marks the maximal release of nitrite
after which its concentration in the medium declines (data not shown).

To assess the effect of copper on nitrite release, a single dose of either 1 or 100 uM Cu(l)
was used as a pre-treatment 8 hrs prior to exposure to 1000 ng/mL LPS. Aliquots from the
medium were sampled 3, 6, 12 and 24 hrs after LPS challenge. Exposure to either dose of
Cu(l) 8 hrs before LPS stimulation had no effect on nitrite release 3 hrs after LPS exposure
(Figure 1B). However, stimulated nitrite release is reduced by both 1 and 100 .M Cu (I) at
6, 12 and 24 hrs post LPS administration. Indeed, 100 .M Cu(l) almost entirely inhibits the
release of nitrite. Reduced nitrite release is not attributable to cell death as FACS analysis of
Fitc-conjugated propidium iodide (Invitrogen, Carlsbad, CA) revealed that at 24 hrs after
LPS stimulation cells are healthy as are those in the LPS + 100 .M Cu(l) condition (p =
0.704).

3.2 The effects of Cu(l) on nitrite release in BV2 microglia are specific

To demonstrate that the inhibition of nitrite release is specific to Cu(l) and not observed with
other biological metals, the effect of 100 M Cu(l) on LPS-induced nitrite release to the
medium was compared to that of 100 M Cu(ll) (CuCly), 100 .M zinc (ZnCl,) and 100 pM
magnesium (MgCl,). All metals purchased from Sigma-Aldrich (St. Louis, MO) Figure 2
shows that nitrite release is only significantly reduced in LPS-treated cells by the presence
of Cu(l).

3.3 Cu(l)-effect on LPS-mediated nitrite release is not due to an impairment in NF-kB

activity

The transcription factor NF-xB is a direct downstream mediator of LPS-induced microglial
activation. Therefore, we examined the effect of Cu(l) on LPS-induced NF-xB activation
and its downstream targets NOS2 and IL1B. 1000 ng/mL LPS increased NF-xB activity
when measured 3 hrs after treatment (p = 0.046). However, pre-treatment with Cu(l) at
either 1 or 100 M dose had no effect on this induction (p = 0.21 and p = 0.37, respectively;
Figure 3A). As expected, LPS treatment at either 10 or 1000 ng/mL, produced a significant
increase in both NOS2 and IL1B mRNA, when measured 6 hrs after treatment (Figure 3 B
& C). While 1 uM Cu(l) pre-treatment had little effect on NOS2 induction in microglia
treated with both doses of LPS (p = 0.35 and p = 0.92 for LPS 10 and LPS 1000,
respectively), 100 M Cu(l) dramatically inhibited mMRNA expression (p =0.1and p =
0.005 for LPS 10 and LPS 1000, respectively); expression of IL1p was also only reduced at
the highest dose of Cu(l) and irrespective of LPS dose (p = 0.004 and p = 0.05 for LPS 10
and LPS 1000, respectively).

3.4 LPS-induced iNOS expression is unaltered by Cu(l) pre-treatment

To determine whether iINOS and Arginase | protein levels were altered by Cu(l) treatment,
expression was assessed by western blot. Figure 4B shows that both 10 and 1000 ng/mL
LPS resulted in significant induction in iNOS protein expression (p = 0.017 and p = 0.025,
respectively). Copper treatment, irrespective of dose, had no effect on the expression of
iNOS in both the 10 and the 1000 ng/mL LPS challenge (p = 0.34, Figure 4B). Arginase |
expression levels were not affected by either dose of Cu(l), confirming that the reduced
nitrite release observed when LPS-stimulated BV2 microglia are exposed to either dose of
Cu(l) cannot be attributed to a lack of substrate availability (p = 0.061, Figure 4C). Cu(l) isa
redox active metal and it is possible that its effect on nitrite release results not from reduced
iNOS function but from an alteration in the redox targets of NO. Therefore we chose to
examine the production of intracellular nitrosation as a result of LPS-treatment, using the
fluorescent dye DAF2-DA. Figure 4D shows that 6 hrs after LPS-treatment there is a
significant increase in nitrosation products within the cell as indicated by an increase in
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DAF2 fluorescence (p = 0.003). Importantly, this increase is maintained in the presence of
Cu(l) pre-treatment (p = 0.0001). These results indicate that iNOS induction not only results
in nitrite release to the medium but also increases intracellular nitrosation within BV2 cells.
Further, that Cu(l) pre-treatment, while reducing nitrite release, does not reduce intracellular
nitrosation; indicating that the redox products of iNOS function may be altered by Cu(l).

3.5 Cu(l) modulates phenotypic changes in BV2 microglia

In order to determine phenotypic changes in response to Cu(l) in the presence or absence of
LPS, BV2 microglia were plated onto glass slides and treated with 1000 ng/mL LPS
preceded by 100 M Cu(l) according to the same conditions as described above. CD11b,
Cox2 and NF-xB were selected as markers of classical activation (M1), whereas Dectin 1
and Ym-1 were selected as markers of alternative activation (M2, [19][20]). Antibodies
against the above markers were visualized by FITC-conjugation, while cell nuclei were
counterstained with DAPI (Figure 5). Under resting conditions (leftmost column, including
photomicrographs A, E, I, M and Q), M1 and M2 markers are differentially expressed.
While the modest distribution of CD11b immunoreactivity is localized around the nucleus,
NF-xB and Cox2 staining is more extensive and less localized; resting BV2 cells also
express both M2 markers with Dectin 1 being more localized in the periphery than Ym-1. A
dose of 1000ng/mL LPS elicited a pronounced expression of M1 markers as can be seen in
photomicrographs of the second column from the left (B, F, J, N and R) the expression of
NF-xB is quite pronounced and occurs throughout the cell, including the nucleus as
indicated by its turquoise color. A similar, albeit reduced, change is observed for Cox2
staining. In contrast, CD11b is expressed in the cytoplasm and is not stimulated by LPS;
Dectin 1 expression is weak and limited to the cytoplasm, whereas Ym-1 expression is
pronounced and diffuse. Photomicrographs of the third column from the left (C, G, K, O and
S) depict BV2 microglia treated with 100 M Cu(l). Expression of CD11b is modest, and
although the staining of the cytoplasm covers an extensive area, the intensity is moderate
and similar to that of control; NF-xB staining is also similar to that of control, while Cox 2
expression remains weak. With respect to M2 markers, Dectin 1 immunoreactivity is intense
and primarily localized in the cytoplasm, while Ym-1 staining is weak and diffuse. The
pattern of staining in BV2 treated with both LPS and Cu(l), seen in the photomicrographs of
the right-most column (D, H, L, P, and T) show that CD11b staining is localized to the
cytoplasm and parts of the nucleus, whereas immunostaining for NF-xB and Cox2 is intense
and diffuse and includes the nucleus, cytoplasm and processes. M2 markers are
differentially expressed, with Dectin 1 staining almost identical to that of control while
Ym-1 staining is pronounced and observed both in the nucleus and in the cytoplasm. These
expression patterns appear to indicate that while LPS induces a pronounced M1 phenotype,
the addition of Cu(l) alters this phenotype such that it appears more M2 like.

3.6 LPS-treated BV2 microglia express different morphologies in response to Cu(l) and

1400w

The lack of nitrite release upon LPS treatment in the presence of Cu(l) suggests that the
change in phenotype observed may result from a lack of NO production. Therefore, we
compared the effects of Cu(l) pretreatment to iNOS inhibition using 1400W. Figure 6 shows
that CD11b is expressed similarly in the presence of Cu(l) and 1400w (photomicrographs B
and C, respectively) indicating that neither condition differentially affects the activation of
LPS-stimulated microglia. However, the M1 marker Cox2 is differentially expressed with a
diffuse staining observed particularly in the cytosolic aspect of the Cu(l) condition while
weak staining is observed in the presence of 1400w (photomicrographs E and F). Expression
of Ym-1 reveals that Cu(l) treatment resulted in an enhanced and diffuse staining that
comprises both the nuclear and the cytosolic aspect, whereas the 1400w treatment resulted
in a staining that was comparable to that of the LPS only condition. These results
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demonstrate that the alteration in phenotype observed with Cu(l) is not merely a result of
reduced NO synthesis.

4. Discussion

In the present study we show that LPS-dependent changes in the microglial cell BV2
phenotype depend on NO being released from the cell and may be altered by the presence of
redox active copper. While Cu(l) alone has no effect on either nitrite release (Figure 1) or
iNOS expression in BV2 cells (Figure 3 & 4) it profoundly reduces nitrite release upon LPS-
treatment (Figure 1). NF-xB activity, which is a direct downstream mediator of LPS effects,
is not altered by Cu(l) treatment (Figure 3). As a result the expression of iNOS, at both the
message and protein level, appears to be only marginally affected (Figure 3B and 4B).
Furthermore, iINOS appears to be still functional as there is significant intracellular
nitrosation in the presence of Cu(l) (Figure 4D). Therefore, it appears that the presence of
Cu(l) does not inhibit the ability of BV2 cells to respond to pathogen. Rather, it appears that
Cu(l) alters the redox species of NO generated (it is important to note that non-redox active
metals do not produce this response, Figure 2). That such an alteration has the potential to
change cellular signaling is confirmed by the observation that LPS treatment in the presence
of Cu(l) generates a novel BV2 cell phenotype as suggested by the expression of defined
markers (Figure 5 & 6). Microglial cells hold multiple functions in the CNS: not only do
they constantly survey their local microenvironment, but respond to any disturbance by
orchestrating a series of activities to restore homeostasis [7]. Microglia are considered the
resident macrophages of the CNS [21], with whom they share many characteristics including
modulation of their density, morphology and cell surface receptors. Peripheral macrophages
can adopt either an acute inflammatory phenotype, often referred to as “classically activated’
or ‘M1’, or an adaptive phenotype that is anti-inflammatory and one that mediates the
humoral immune response, often referred to as “alternatively activated’ or ‘M2’ [22].
Because of close parallels between macrophages and microglia, this classification and
nomenclature has been extended to microglia. The classically activated macrophage is an
effector cell in TH1 cellular immune responses [23] that is characterized by the obligatory
production of NO [24]. In contrast, the alternatively activated macrophage is involved in
immunosuppression and tissue repair, it does not produce NO and expresses higher levels of
arginase [25]. An M2 macrophage fails to produce nitrogen radicals [26] and is generally
poor at killing intracellular pathogens [27]. NO is an important signaling molecule that
controls a wide range of pathways and biological processes. It is produced on demand, has a
theoretical diffusion distance of up to 200 wm [28], affects tissue volume [29], and has been
proposed to have the ability to mediate multiple post-translational modifications of protein
including binding to metal centers, nitrosylation or oxidation of thiols, and nitration of
aromatic residues [30]. NO plays a dual role of regulating cellular function and killing
pathogens and is a key factor in the response of microglial cells to danger signals, such as
toxins and pro-inflammatory cytokines.

Copper levels are elevated in a variety of neurodegenerative diseases where microglia are in
a state of constant activation, and Cu(l) is an effective catalyst for the formation and
degradation of S-nitrosothiols (SNOs). However, the possibility that Cu(l) may alter the cell
signaling function of NO has not been previously considered. In this study we have
examined the possibility that Cu(l) by altering NO redox state alters microglial phenotype in
response to activation. Nitric Oxide is a potential mediator of the M1 phenotype, and its
absence has been suggested to be a factor in the adoption of the M2 phenotype. To this end
we have examined the effects of Cu(l) on BV2 polarization towards M1 or M2 phenotype
using a battery of previously reported markers. The markers selected for the M1 profile were
Cox2, NF-xB and CD11b. Cox 2, which is expressed under physiological conditions [31], is
detectible at basal levels in untreated BV2 cell and it increases in response to LPS [32].
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Neutralization of Cox 2 in LPS-treated BV2 cells results in the suppression of
proinflammatory mediators including IL1f, TNF-a and NOS2 mRNA levels as well as NF-
xB protein [33]. NF-xB is a transcription factor that plays an important role in cellular
processes, including inflammation [34]. CD11b is expressed in activated microglia when
they become motile, and it is traditionally accepted as a reliable marker of microglial
activation [35]. Dectin 1 is expressed on the surface of murine primary microglia and is
induced by fungal infection; however, unlike for macrophages, pB-glucan mediated
microglial activation does not result in significant production of cytokines. Dectin-1 also
mediates phagocytosis of p-glucan particles and subsequent intracellular production of
reactive oxygen species [36]. Ym-1, which is a marker for alternatively activated
macrophages [20], is a secretory lectin that may control leukocyte trafficking by competing
with leukocytes for binding sites on the local extracellular matrix with the end result of
down-regulating inflammation [37]. Ym-1 is produced in microglia under both resting and
activated conditions [38].

Our results suggest that when BV2 microglia are exposed to LPS, they acquire an M1
profile, in which Cox2 and NF-xB expression is pronounced and diffuse, and that of CD11b
is more localized (Figure 5)., While it is understood that fluorescence images are purely
qualitative in nature, these findings are consistent with thoseof NOS2 and IL1B mRNA in
which LPS elicited an increase of their expression (Figure 3B and 3C). As expected, the
expression of the M2 markers under these conditions is comparable to that of untreated BV2
cells (Figure 5, panels N, M & R, Q). In contrast, Cu(l) appears to have a minimal effect on
the expression of M1 and M2 markers. In the presence of Cu(l), LPS-stimulated cells still
display increased expression of M1 markers relative to control, but this expression appears
reduced compared to LPS alone (Figure 5, panels B, D; F, H; & J, L); worth of note is the
robust expression of the M2 marker Ym-1, which is considerably more pronounced than that
of either the control or the Cu(l) only condition. Therefore, it appears that exposure to LPS
in the presence of Cu(l) leads to the development of a “mixed’ phenotype with
characteristics reminiscent of both M1 and M2 (Figures 5 & 6). The intracellular signaling
mechanisms involved in the development of this ‘mixed’ phenotype are unclear. However,
we propose that this alteration in phenotype is dependent upon changes in the redox
reactions of NO. Cu(l), potentially through interaction with thiol residues, alters the redox
species of NO generated by NOS. This is evidenced by the presence of intracellular
nitrosation (Figure 4) in the absence of nitrite release (Figure 1); and that these effects
cannot be reproduced by non-redox active metals (Figure 2). Furthermore, the effects of
Cu(l) on LPS-induced phenotypic change are clearly different from NOS inhibition, where
1400W appears to reduce activation as a whole rather than change its endpoint.

At present, it is unclear what the functional effect of an altered NO redox state by Cu(l) is in
BV2cells. It is also unknown whether this ‘mixed” morphology and phenotype are transient
or long-lived, and, most importantly, what sequelae they could have on brain disease. It is
important to keep in mind that BV2 cells derive from an immortalized cell line whose rate of
proliferation differs from that of primary microglia, therefore, one should be cautious in
generalizing these findings to primary microglia for which phenotypic plasticity might be
different. Whether this altered morphology can be extended to primary microglia is being
investigated, as is the role of NO in the mechanism that underlies such changes.

In conclusion, microglia are capable of producing and releasing cytokines, chemokines and
radicals that can be either beneficial or detrimental to their microenvironment depending on
the magnitude and duration of their release. Therefore, understanding the conditions that
elicit phenotypic changes may be beneficial both in the development of therapeutic
approaches whereby microglial phenotype could be manipulated and in understanding the
functional role of microglia.
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Figure 1. Effects of LPS on nitritereleasein BV2 microglia

BV2 microglia were challenged with different doses of LPS ranging from 0 to 1000 ng/mL.
Nitrite content was measured in the medium which was sampled 3, 6, 12 and 24 hrs after
LPS challenge (A); * Control vs. LPS 10; * Control vs. LPS 100; Control vs LPS 1000
indicate p < 0.05. The effects of two different doses of Cu(l) on nitrite release into the
medium in BV2 microglia stimulated with 1000 ng/mL LPS at 3, 6, 12 and 24 hrs after LPS
challenge (B); * No Copper vs. Low Copper; * No Copper vs. High Copper; # Low Copper
vs. High Copper indicate p < 0.05. Data are Mean =+ S.E. of duplicate cultures,
representative of 2 independent experiments.
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Figure 2. Copper specifically reduces nitritein L PS-challenged BV2 microglia

Nitrite reduction is specific to Cu(l) and it is not observed with the non-redox active metals.
BV2 microglia were challenged with 100 uM CuCl [Cu(1)], CuCl, [Cu(Il)], ZnCl, and
MgCl;, for 8 hrs prior to stimulation with 1000 ng/mL LPS. Data are Mean + S.E. of
duplicate cultures, representative of 2 independent experiments. * LPS 1000 vs. LPS 1000 +
Cu(l) 100 M indicates p < 0.05.
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Figure 3. Inhibition of proinflammatory gene expression of iNOSand IL-1p by High dose of
copper is NF-xB independent

A: Cu(l) does not impair NF-xB activity in LPS-treated BV2 cells. BV2 microglia were
challenged with 1 or 100 uM Cu(l) and 8 hrs later stimulated with 0, or 1000ng/mL LPS.
NF-xB activity was measured 3 hrs later. The data shown are representative of three
independent experiments. B: Three hrs after LPS treatment, total RNA was isolated and
subjected to real-time RT/PCR. The data were calculated and normalized by 2-2ACt Method
and induction of NOS2 and IL1p mRNA was expressed as ratios over f-Actin. The data
shown are representative of three independent experiments. * LPS 10 vs LPS 10 + Cu(l)
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100; + LPS 1000 vs LPS 1000 + Cu(l) 100; # LPS 1000 + Cu(l) vs. LPS 1000 + Cu(l) 100
indicate p < 0.05.
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Figure4. Copper does not inhibit expression and activity of INOS and Arginase| in LPS-treated
BV2 microglia

BV?2 cells were challenged with 1 or 100 M Cu(l) and 8 hrs later stimulated with 0, 10 or
1000ng/mL LPS. Cell suspensions were collected 24 hrs after LPS challenge and an equal
amount of protein measured for iNOS and Arginase | with GAPDH as internal control by
western blot (A). Densitometry analysis of iNOS and Arginase was normalized by GAPDH
as total protein loading (B and C). The effects of Cu(l) on intracellular NO content in LPS-
treated BV2 microglia are shown in D. Cells were challenged with 100 uM Cu(l) and, 8 hrs
later, stimulated with 1000 ng/mL LPS. Six hrs after LPS treatment, the cells were loaded
with DAF-2DA for 30 min. * represents LPS significantly different from Control, p=0.003,
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and # represents Control significantly different from LPS 1000 ng/mL & Cu(l) 100 pM,
p=0.0001.
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Figure5. Effects of copper on expression of phenotypic markersin LPS-treated BV2 microglia
BV2 microglia were cultured on slides and challenged with 100 .M Cu(l) for 8 hrs prior to
stimulation with 1000 ng/mL LPS. Twenty-four hrs after LPS stimulation, the cells were
fixed and stained with the M1 markers CD11b (photomicrographs A, B, C, D), NF-xB
(photomicrographs E, F, G, H) or Cox2 (photomicrographs I, J, K, L); and the M2 markers
Dectin 1(M, N, O, P) or YM-1 (photopmicrographs Q, R, S, T) antibodies using FITC-
linked secondary antibodies and DAPI. Experimental conditions are noted in the appropriate
columns. Fluorescent photomicrographs show morphological changes (magnification for all
photomicrographs 400x).
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Figure 6. Effects of INOS inhibitor, 1400W, on expression of phenotypic markersin L PS-treated
BV2 microglia
BV2 microglia were cultured on slides and exposed to 100 uM Cu(l) or 20 M 1400w

dihydrochoride followed by 100 ng/mL LPS 8 hrs later. Twenty-four hrs after LPS
stimulation, the cells were fixed and stained with CD11b (photomicrographs A, B, C), Cox2
(photomicrographs D, E, F), Dectin 1 (photomicrographs G, H, I), or YM-1
(photomicrographs L, M, N) antibodies using FITC-linked secondary antibodies and DAPI.
Experimental conditions are noted in the appropriate columns. Fluorescent
photomicrographs show morphological changes (magnification for all micrographs 400x)
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