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Voltage-gated potassium (K,) channels play an important role in the regulation of growth factor-induced cell
proliferation. We have previously shown that cell cycle activation is induced in oligodendrocytes (OLGs) by
complement C5b-9, but the role of K, channels in these cells had not been investigated. Differentiated OLGs
were found to express K,1.4 channels, but little K,1.3. Exposure of OLGs to C5b-9 modulated K, 1.3 functional

5?1/:;;(-1;te d potassium channels channels and increased protein expression, whereas C5b6 had no effect. Pretreatment with the recombinant
Oligodendrocyte scorpion toxin rOsK-1, a highly selective K,1.3 inhibitor, blocked the expression of K,1.3 induced by C5b-9.
Complement activation rOsK-1 inhibited Akt phosphorylation and activation by C5b-9 but had no effect on ERK1 activation. These
C5b-9 data strongly suggest a role for K,1.3 in controlling the Akt activation induced by C5b-9. Since Akt plays a

major role in C5b-9-induced cell cycle activation, we also investigated the effect of inhibiting K, 1.3 channels
on DNA synthesis. rOsK-1 significantly inhibited the DNA synthesis induced by C5b-9 in OLG, indicating that
K,1.3 plays an important role in the C5b-9-induced cell cycle. In addition, C5b-9-mediated myelin basic
protein and proteolipid protein mRNA decay was completely abrogated by inhibition of K, 1.3 expression. In
the brains of multiple sclerosis patients, C5b-9 co-localized with NG2* OLG progenitor cells that expressed
K,1.3 channels. Taken together, these data suggest that K, 1.3 channels play an important role in controlling
C5b-9-induced cell cycle activation and OLG dedifferentiation, both in vitro and in vivo.

© 2011 Elsevier Inc. All rights reserved.

Multiple sclerosis

Introduction members (K,1.1-1.6) have been described in immature OLGs on

both the mRNA and protein levels. Significant levels of K,1.2, K, 1.3,

Oligodendrocytes (OLGs) myelinate the axons of the central
nervous system (CNS) and undergo apoptosis during development
(Tang et al., 2001; Trapp et al., 1997). In the developing CNS, OLGs are
selectively rescued from apoptosis by survival signals provided by
axonal contact and growth factors (Barres and Raff, 1999; Billon et al.,
2002). A correlation has been demonstrated between the expression
of the delayed, outward-rectifying voltage-gated K, channels and the
proliferative potential of OLG-lineage cells. Proliferating OLG progen-
itor cells (OPCs) display large K, currents, whereas postmitotic OLGs
do not express such currents (Attali et al., 1997; Chittajallu et al.,
2002). However, few studies have attempted to identify the cellular
mechanisms responsible for these K, channel changes in OPCs and
mature OLGs (Vautier et al, 2004). Several K,1 (KCNA) family
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K,1.4, K,1.5, and K,1.6 have been found, with K,1.3 and K,1.5 being
up-regulated under the influence of proliferation-stimulating growth
factors (Attali et al., 1997; Chittajallu et al., 2002). K, 1.3 is the main
KCNA family member involved in the regulation of proliferation and
differentiation of oligodendroglial cells (Attali et al., 1997; Chittajallu
et al.,, 2002). Currents passing through K, 1.3-containing channels play
an important role in the G¢/S transition of proliferating OPCs.
Inhibition of K, channels also causes an accumulation of the cyclin-
dependent kinase inhibitors p27 and p21 as well as G1 arrest in OPCs
(Ghiani et al., 1999). In addition, K, channel blockage has been shown
to impair remyelination in a cuprizone model of demyelination (Bacia
et al., 2004).

Complement activation and the subsequent assembly of the
terminal complement complex (C5b-9, composed of the C5b, C6, C7,
C8, and C9 proteins) play a significant role in the pathogenesis of a
variety of CNS diseases, including multiple sclerosis (MS; reviewed
in (Rus et al.,, 2006)). By forming pores in the plasma membrane,
C5b-9 causes cell death and induces apoptosis (Cragg et al., 2000;
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Papadimitriou et al., 1994, 1991). However, like other nucleated
cells, OLGs can survive limited C5b-9 complement attack through
the protection provided by complement-inhibitory proteins and by
the elimination of membranes carrying C5b-9 complexes (Carney
et al, 1985; Scolding et al., 1989). We have shown that C5b-9 at
sublytic doses inhibits the mitochondrial pathway of apoptosis
(Soane et al., 2001, 1999) and Fas-mediated apoptosis by regulating
caspase-8 processing (Cudrici et al., 2006). C5b-9 activates the cell
cycle in OLGs (Rus et al., 1997, 1996), and this induction of the S
phase of the cell cycle is c-Jun-dependent (Rus et al., 1996). These
C5b-9 pro-survival effects are mediated by the activation of the
ERK1 and phosphatidylinositol 3-kinase (PI3K)/Akt pathways, a
process that is Gi protein-dependent (Rus et al., 1997, 1996; Soane
et al., 2001).

To date, the role of inflammation in modulating K, 1.3 expression
by OLGs during demyelination has not been evaluated. Complement
activation and C5b-9 deposition are hallmarks of the most frequently
pathological form of MS, the type II pattern (Lucchinetti et al., 2000).
However, it is not clear at present whether K, channels are involved in
the OLG cell cycle activation mediated by C5b-9 or how K, channel
expression might affect the signaling pathways involved in cell
activation.

In the present report, we have demonstrated that K,1.3 is involved
in the cell cycle activation induced by C5b-9. Since both the ERK and
Akt pathways are known to be induced by C5b-9, we assessed the
possible role of K, 1.3 in the activation of these kinases. Inhibition of
K,1.3 by rOsK-1 significantly reduced Akt phosphorylation and
activation by C5b-9 but had no effect on ERK1 activation. In addition,
we found that C5b-9-mediated myelin basic protein (MBP) and
proteolipid protein (PLP) mRNA down-regulation was completely
abrogated by inhibition of K, 1.3 expression. In the brains of patients
with MS, C5b-9 was co-localized with NG2™ cells that expressed K, 1.3
channels. In conclusion, our data suggest that K, 1.3 channels play an
important role in controlling cell cycle activation by affecting the C5b-
9-mediated activation of Akt and may also have a significant role in
OLG dedifferentiation.

Material and methods
Brain tissue

Frozen brain tissue specimens were obtained at autopsy from 6
patients with a definitive diagnosis of MS from the Human Brain and
Spinal Fluid Resource Center, Veterans Affairs West Los Angeles Health
Care Center. Active lesions contained abundant infiltrates consisting of
T cells and macrophages with detectable myelin degradation products.
Inflammation was restricted to the lesion margins in chronic active
lesions. Regions of normal appearing white matter (NAWM) and
normal appearing gray matter lesions (NAGM) that lacked macroscopic
or histological evidence of demyelination were also used. The samples
were derived from patients between the ages of 30 and 62 with a mean
age of 50. Four healthy control samples were obtained from
Cooperative Human Tissue Network, Charlottesville, VA.

Primary cultures of OLG progenitor cells and OLGs

Neonatal OLGs were purified from the brains of 1-day-old
Sprague-Dawley rats as previously described (Soane et al., 2001).
After removal of the meninges, the brain was minced and sequentially
passed through nylon meshes. The dissociated cell suspension was
plated onto 75-cm? plates in DMEM/Ham's F-12 medium containing
10% fetal serum bovine (FBS). OPCs were separated from the astrocyte
monolayer by shaking overnight at 200 rpm on a rotary shaker.
The OPC cell suspension was collected and resuspended in defined
medium containing serum-free DMEM/Ham's F-12, transferrin
(500 ng/ml; Sigma Chemical Co., St. Louis, MO), insulin (75 ng/ml;

Sigma), bFGF (75 pg/ml; Peprotech Inc, Rocky Hill, NJ) and 1 mM
sodium pyruvate (Sigma). The cells were differentiated at 37 °C for
52 h. Over 85% of the cells expressed myelin basic protein (MBP),
proteolipid protein (PLP), and galactocerebroside (GC). Fewer than 3%
of the cells were negative for MBP and were astrocytes or OPC in
varying stages of differentiation.

Membrane assembly of sublytic C5b-9 using terminal complement proteins

Purified human complement proteins C5b6, C7, C8, and C9 were
obtained from Quidel (San Diego, CA) and Advanced Research
Technologies (San Diego, CA). In brief, OLGs were incubated at 37 °C
with 18 U of C5b6 and 10 pg/ml each of C7, C8, and C9 in a final
volume of 2 ml for the indicated periods of time. In some experiments,
normal human serum (NHS) pooled from several healthy donors was
used as a source of serum complement. Rabbit antiserum recognizing
GC was used to sensitize rat OLG; the cells were then incubated with
NHS, heat-inactivated NHS (HI-NHS) or NHS containing K76 COONa
(Otsuka Pharmaceuticals Co, Tokyo, Japan) at a final dilution of 1/10
for various time periods. As previously described, K76 prevents C5b-9
assembly in serum by binding to C5 (Niculescu et al., 1997; Rus et al.,
1996). The concentrations of complement proteins used in this study
were sublytic for OLG, as determined by staining cells with the vital
dye trypan blue and measuring release of cytoplasmic lactate
dehydrogenase as an indicator of cell death (Niculescu et al., 1997).

Electrophysiological studies

Cells were voltage-clamped using the whole-cell variation patch-
clamp technique as previously described. Data acquisition and analysis
was performed using an AxoPatch 200B patch clamp amplifier, Digidata
1332A analog-to-digital converter, and pClamp 8.2 software (Molecular
Devices Corp., Sunnyvale, CA). Pipettes with a tip resistance of 2 to 3 MQ
were made from borosilicate glass (World Precision Instruments, New
Haven, CT) on a micropipette puller (Model P-2000; Sutter Instrument
Company, Novato, CA) and heat-polished. The pipette was filled with a
previously filtered solution composed of (in mMol/1): 2 NaCl,, 145 KCl, 1
MgCl,, 5 EGTA, and 10 HEPES (the pH was adjusted to 7.3 with
potassium hydroxide). The standard bath solution contained (in mMol/
1): 135 Nadl, 5 KCl, 2 CaCl,, 1 MgCl,, and 10 HEPES (pH adjusted to 7.4
with NaOH). The osmolarity of the solutions was adjusted with p-
glucose to 300 and 305 mOsm, respectively. Currents were low-pass-
filtered at 2 or 5 kHz and sampled at 5 or 10 kHz. Data analysis was
performed using Clampfit (version 8.2 of pClamp) and SigmaPlot 8.0
(SYSTAT Software, Point Richmond, CA). The pipette offset current was
zeroed immediately before contacting the cell membrane. Only
standard whole-cell experiments with access resistance <10 MQ and
membrane resistance >400 MQ were included in this study. The
membrane capacitances of the analyzed cells varied between 10 and
40 pF. Linear capacitance and leakage currents were subtracted online
using a standard P/4 protocol. K, currents were elicited by 500-ms
pulses stepped from a holding potential of —60 to 4+ 60 mV, preceded
by a conditioning pulse of —110 mV for 200 ms. Resting potential Vg
(zero-current potential) was determined from current-voltage re-
cordings, measured during the first few minutes after achieving the
whole-cell recording conformation. The threshold for activation V, was
estimated from voltage-current relationship. After the whole-cell
configuration was established and control measurements were
made, serum C5b-9 was added directly to the experimental chamber.
After 5-8 min of incubation, the measurements were repeated. The time
of incubation was established in separate experiments on 10 cells (data
not shown). Because of the cell-to cell variability, the evaluation of the
effect of C5b-9 on the outward currents in OLGs was done for each cell
independently. Statistical analysis comparing the chord conductance for
control cells and that treated for cells with serum C5b-9 was performed
using t-tests for paired observations. The statistical significance of an
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observed shift in half-maximal activation V; , value between the control
and treated cells was assessed with the Wilcoxon matched-pairs signed-
rank test at a significance level of « =0.01.

To examine the effect of rOsK-1 on the outward current in OLGs
pretreated with C5b-9, we performed electrophysiological measure-
ments on 15 cells. rOsK-1 at a final concentration of 5 nM was added
directly to the experimental chamber, following the recordings
performed consecutively on the non-treated and C5b-9 treated cells.
The chord relative conductance values, measured at V;, = 60 mV, were
then compared between experimental groups.

Western blot analysis

Western blotting was performed as previously described (Rus
et al, 1996). OLGs were washed with PBS, then lysed in a buffer
consisting of 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM EGTA,
1 mM NaF, 20 mM Na4P,05, 1% Triton X-100, 0.1% SDS, 100 mM Nacl,
10% glycerol, 0.5% sodium deoxycholate, 1 mM Na3VO,4 and complete
mini protease inhibitor mixture (Roche Applied Science, Indianapolis,
IN), which was added just prior to use. Protein concentrations were
determined using a BCA protein assay kit (Pierce, Rockford, IL).
Samples were fractionated on an SDS-polyacrylamide gel and
transferred to a nitrocellulose membrane (Millipore, Bedford, MA).
The membrane was blocked with 0.1%Tween-TBS containing 1%
bovine serum albumin (BSA) for 1h and incubated with primary
antibody overnight at 4 °C. Goat anti-rabbit or anti-mouse IgG-HRP
conjugated antibodies (Santa Cruz Biotech) were applied for 1 h at
room temperature. After washing, the immune complexes were
detected using enhanced chemiluminescence (Pierce). The primary
antibodies used for western blotting (all rabbit IgG) were: anti-K,1.3
(Alomone Labs and Chemicon), anti-phospho-ERK1 (Cell Signaling),
anti-ERK1 (Santa Cruz Biotech), anti-FOXO1 and pFOXO1 (Cell
Signaling), anti-Akt and pAkt (Ser 473) (Santa Cruz Biotech).
Membranes were stripped using Restore Western Blot Stripping
Buffer (Pierce) and reprobed for the expression of 3-actin (Rockland
Immunochemicals, Rockville, MD). The radiographic band density
was measured using UN-SCAN-IT software (Silk Scientific, Orem, UT),
and the results were expressed as ratios of the density to the density
of B-actin. All experiments were performed in triplicates.

Real-time PCR

Total RNA obtained was purified using the RNeasy Mini Kit
(Qiagen, Santa Clarita, CA) according to the manufacturer's in-
structions. RNA (0.5 pg per sample) was mixed with RT buffer,
dNTP, and oligo-dT primer (Invitrogen). RNA was denatured by
incubation at 65 °C for 5 min. The reverse transcriptase (Promega)
and RNase inhibitor (Invitrogen) were then added, and the reaction
mixture was incubated at 37 °C for 1 h. The reaction was terminated
by incubation of the mixture at 95 °C for 5 min.

Real-time PCR was performed using a StepOne real-time PCR
system (Applied Biosystems, Foster City, CA). The primers for the
genes investigated were designed and synthesized by TIB Mol Biol LLC
(Adelphia, NJ) (Table 1) and used in conjunction with FastStart SYBR
Green Master (Roche) according to the manufacturer's protocol. As a
negative control for each real-time PCR assay, the same reaction was
performed in the absence of cDNA or reverse transcriptase. For each
gene, the cycle threshold (C;) values were determined in the
exponential phase of the amplification plot and normalized by
subtraction of the C; value for 18S (generating a ACr value). The
-fold change in target gene samples, after normalization with the
housekeeping gene (18S), was calculated using the 2724CT value,
where AACt= ACr (sample) — ACt (control) and ACT is the Cy value
of target gene normalized to the Cy value of the housekeeping gene
(Cudrici et al., 2008).

Table 1
Primers used for Real-Time PCR.
Gene symbol Primers sequence Product (bp)
Kv1.3 (KCNA3) For: 5'-ACACAGCTCAAGACCCTCTG-3’ 216
Rev: 5'-TTGGTAGAAGCGGATCTCCT-3'
MBP For: 5'-GCTGGGGAGGAAGAGACAG-3’ 170
Rev: 5'-CCACGGGATTAAGAGAGGGT-3’
PLP For: 5'-CCACCTGTTTATTGCTGCAT-3’ 171
Rev: 5'-TGTGGTTAGAGCCTCGCTATT-3’
18S For: 5'-GTAACCCGTTGAACCCCATT-3’ 151

Rev: 5'-CCATCCAATCGGTAGTAGCG-3’

For, forward primer; Rev, reverse primer; Bp, base pairs; KCNA3, potassium voltage-
gated channel, shaker-related subfamily, member 3; MBP, myelin basic protein; PLP1,
proteolipid protein 1; 18S, 18S ribosomal RNA.

DNA synthesis

DNA synthesis testing was performed as previously described
(Fosbrink et al., 2009; Niculescu et al., 1997). In some cases cultured
cells were pretreated with 4-aminopyridine (4AP, 5 mM) or rOsK-1
(Alomone Lab, Jerusalem, Israel) (5nM and 15nM) prior to
stimulation with C5b-9. After stimulation, 1 uCi/ml of [*H]thymidine
(Perkin Elmer, Boston MA) was added to the cells. The plate was
incubated at 37 °C with 5% CO, for 18 h. The cells were lysed and
precipitated by adding 20% trichloroacetic acid, and the precipitated
DNA was filtered through Whatman GF/A filter paper (Whatman,
Maidstone, UK). The filter paper was air-dried, and the radioactivity
was counted by liquid scintillation.

Immunohistochemical staining for NG2, K,1.3, and C5b-9

Immunohistochemical staining of brains from MS patients was
performed as previously described (Cudrici et al., 2005). The air-dried
cryostat sections (4-6 um) were fixed for 10 min in acetone contain-
ing 0.3% H,0, to remove endogenous peroxidase. Sections were
blocked for 10 min with horse serum, then incubated overnight at 4 °C
with mouse monoclonal antibody against NG2 (clone 9.2.27, BD
Pharmingen, San Jose, CA). The sections were washed three times for
3 min each with PBS, pH 7.4, and incubated for 30 min with
biotinylated “universal” secondary antibody (Vector, Burlingame,
CA), then for 30 min at room temperature with the Vectastain RTU
ABC Reagent. The specific reaction was developed using NovaRED
(Vector Labs, Burlingame, CA). For K,1.3 and C5b-9 detection,
cryosections were processed as described above and then incubated
at 4 °C overnight with rabbit IgG anti-Kv1.3 (Chemicon) diluted 1/100
or rabbit IgG anti-C5b-9 neoantigens (Dako, Carpanteria, CA) diluted
1/50. The sections were washed with PBS, pH 7.4, and then incubated
for 1 h at room temperature with HRP-conjugated goat anti-rabbit IgG
(Santa Cruz Biotech, Santa Cruz, CA). The specific reactions were
developed using NovaRED (Vector Labs, Burlingame, CA).

Double immunohistochemical staining

Frozen sections of brains from adult patients with MS were
double-stained for NG2 and C5b-9 and for NG2 and K,1.3. Cryosec-
tions were initially processed for NG2 immunostaining as described
above, and the reaction developed with NovaRed. The sections were
then treated with 0.3% H,0, to remove excess peroxidase and
incubated overnight at 4 °C with rabbit anti-C5b-9 diluted 1/50 or
with anti-K, 1.3 diluted 1/100. The slides were washed several times
in PBS, reacted with HRP-conjugated goat anti-rabbit antibody
(Jackson Immunoresearch Labs) and exposed to diaminobenzidine
(Pierce, Rockford, IL) or with alkaline phosphatase (AP)-conjugated
goat anti-rabbit and then exposed to Vector Blue AP substrate III
(Vector Labs). Control sections were prepared by immunostaining
without the primary antibody or by using control isotype IgG instead
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of the primary antibody. The immunostained slides were indepen-
dently evaluated by two investigators.

Results
Decreased expression of K, 1.3 during OPC differentiation

Our real-time PCR analysis revealed that OPC differentiation was
associated with a significant increase in the expression of MBP and PLP
mRNA (Fig. 1A). High levels of K, 1.3 expression were found in the OPCs.
However, the expression of K, 1.3 mRNA was significantly decreased at
56 h of OLG differentiation (p=0.021) when compared to OPC levels
(Fig. 1B). We then asked whether similar changes occurred in K,1.3
protein expression. Our data showed that the initially high levels of
K, 1.3 protein seen in OPCs decreased significantly during the course of
differentiation (Fig. 1C). After 48 h of differentiation, the expression of
K,1.3 was reduced by 75% (p=0.029) (Fig. 1C). K,1.4 protein levels
were found to be high in OPCs, and the levels remained unchanged
during differentiation (Fig. 1C).

Effect of sublytic C5b-9 on K,1.3 protein expression in OLGs

Given the alteration in K, 1.3 protein expression that we observed
during differentiation, we decided to concentrate our further efforts
on investigating the effect of sublytic concentrations of C5b-9 on K, 1.3
expression. We first asked whether C5b-9 had the ability to affect the

protein expression of K,1.3. When we cultured OLGs in defined
medium in the presence of C5b-9 or C5D, we found that sublytic
concentrations of C5b-9 induced a significant increase of K,1.3
expression when compared to C5D (p=0.05) (Fig. 2A). Pretreatment
with rOsK-1 (Alomone Labs, Jerusalem, Israel), a K,1.3 inhibitor,
significantly reduced this effect (p=0.007) (Fig. 2B). The effect of
rOsK-1 was similar at 5 and 15 nM (data not shown). The effect on
K,1.3 expression was detectable after 15 min of exposure to C5b-9
and persisted for more than 2h (data not shown). In contrast,
exposure to C5b6 or C5D had no significant effect on K, 1.3 expression
(Fig. 2A). Similar results were obtained using two different anti-K,1.3
antibodies (data not shown). The increase in K, 1.3 protein expression
was most probably the result of an increase in the half-life at the
plasma membrane, since the mean half-life of the K,1.3 increased
by 1.6 times in the C5b-9 stimulated OLGs in the presence of
cycloheximide (10 pg/ml) (data not shown). A similar increase in the
half-life of the K,1.3 protein was reported in TrkB-induced up-
regulation of this channel's expression (Colley et al., 2007).

Effect of sublytic C5b-9 on the total membrane outward current in OLGS

In order to determine whether this increase in K, 1.3 expression
was associated with the presence of a functional channel, we mea-
sured the amplitude and kinetic properties of the total recorded
current. The values obtained for control (untreated) cells were in
agreement with those obtained previously, showing characteristic
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Fig. 1. MBP, PLP, and K, 1.3 mRNA expression during OLG differentiation. OPCs were cultured in defined medium for the indicated times, and the expression of K, 1.3, K, 1.4, MBP, and
PLP mRNA was determined. A. Expression of MBP and PLP mRNA, as determined by real-time PCR, significantly increased during OLG differentiation. B. K,1.3 mRNA was present in
the OPC cells (0 h), and the levels decreased significantly at 48 h of differentiation (p =0.0007). C. The effect of differentiation on K, protein expression was examined by western
blotting and expressed as a ratio to 3-actin. High levels of K, 1.3 protein were found in OPCs, and these levels decreased significantly during differentiation (p = 0.029). The levels of
K, 1.4 did not change significantly during differentiation. The expression of the mRNA or protein at the beginning of the experiment (0 h) was considered to be 100%. Results of three

separate experiments are expressed as mean 4 SEM, relative to the value at 0 h.
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Fig. 2. Effect of C5b-9 on K, 1.3 expression in OLGs. A. C5b-9 induces K, 1.3 expression.
OLGs were cultured in defined medium and exposed to C5b-9 or C5D, and K,1.3
expression was determined by western blotting. K, 1.3 protein expression was found to
be low in the differentiated OLGs (CTR) and was significantly increased after exposure
to C5b-9 (p=0.042). C5D serum had no significant effect on K,1.3 expression,
indicating that the increase seen was dependent on the assembly of the terminal
pathway. The results are expressed as means4SEM. Data are derived from three
separate experiments. B. rOsK-1 inhibits K, 1.3 expression induced by C5b-9. OLGs were
pretreated with rOsk-1 (15 nM) for 1 h and then exposed to C5b-9 for 30 min. Lysates
were analyzed by western blotting for K,1.3 and {3-actin expression. Exposure to rOsk-1
was able to reverse the effect of C5b-9 on K, 1.3 expression (p=0.007), indicating that
channel expression is required for the C5b-9 effect.Results of three separate
experiments are expressed as mean 4+ SEM, relative to the control (CTR).

cell-to-cell variability (Attali et al, 1997; Chittajallu et al.,, 2002;
Soliven et al., 1989; Vautier et al., 2004). In the majority of the cells,
the dominant currents were slow or non-inactivating. In seven cells,
the fast and moderately inactivating current components were
predominant in the total outward current, indicating strong expres-

sion of K,1.3 in those cells (data not shown). After establishing the
whole-cell configuration and obtaining control measurements, we
added C5b-9 directly to the experimental chamber. After 5-8 min of
incubation, the measurements were repeated. Because of the cell-to-
cell variability, the effect of C5b-9 on the outward currents in OLGs
was evaluated independently for each cell. Current recordings from 22
cells were analyzed. In 19 of the 22 studied cells, we observed a
significant increase (p<0.01) in current conductance after exposure to
C5b-9 (Supplemental Fig. 1A). This increase in current conductance
was accompanied by a significant (p<0.01) shift in the half-maximal
activation V4, values in a more positive direction. In most cases, the
chord conductance increased by 10-50% (median, 35%, Supplemental
Figs. 1B,C). Overall, these observations suggest that sublytic C5b-9
increased the number of functioning K, channels, with the cell-to-cell
variations in whole-cell macroscopic currents likely reflecting
composites of several members of the K,1 subfamily.

We then used rOsK-1 to investigate the role of K, 1.3 in the current
changes induced by C5b-9, which was added directly to the ex-
perimental chamber, after consecutive recordings had been obtained
for untreated (control) and C5b-9-treated cells (Figs. 3A,B,C). The
concentration used (5 nM) used produced nearly complete inhibition
of the K,1.3 channels present in the cell's membrane. The chord
relative conductance values, measured at V,=60 mV, were then
compared between experimental groups. In 7 of the 15 rOsK-1-
treated cells, the inhibitor had no effect on the electrophysiological
characteristics of the total outward currents. In the case of five cells,
the conductance measured for the rOsK-1-treated cell was lower than
that for the control or C5b-9 treated cell (Fig. 3D). In three cells, the
relative conductance measured for rOsK-1-treated cells was lower
than that calculated for serum C5b-9-treated cells, yet the value
remained higher than that for control cells. Point-by-point subtraction
of the current traces obtained after application of rOsK-1 from the
traces generated by C5b-9 revealed the current blocked by the
application of 5 nM rOsK-1 to be moderately inactivating and K,1.3-
like (Fig. 3E). These data indicated that exposure to C5b-9 altered the
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Fig. 3. Effect of rOsk-1 on C5b-9 induced outward currents in OLGs. K, currents were elicited by 500-ms pulses stepped from a holding potential of —60 to + 60 mV, preceded by a
conditioning pulse of — 110 mV for 200 ms. C5b-9 was added directly to the experimental chamber. After 5-8 min of incubation, the measurements were repeated, then 5 nM rOsK-1
5 nM final concentration was added to the experimental chamber and measurements were repeated. A-C. Examples of whole-cell current families derived from an unstimulated cell
(A), the same cell stimulated with C5b-9 (B) and treated with 5 nM rOsK-1 (C). D. Relative membrane conductance as a function of membrane potential for control (unstimulated)
cell (dots), after stimulation with C5b-9 (squares) and after treatment with 5 nM rOsK-1 (triangles). E. Example of the current elicited by C5b-9 and blocked by rOsK-1. Point-by-
point subtraction of the current traces obtained after application of rOsK-1, from the current traces evoked by C5b-9 revealed a moderately inactivating, K, 1.3-like current.
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Fig. 4. The effect LY294002 on C5b-9-induced K, 1.3 and outward current. A. OLGs were pretreated with the PI3K inhibitor LY294002 (10 or 20 pM) for 1 h, then exposed to C5b-9 for
30 min. Lysates were analyzed by western blotting for K,1.3 as described above. Exposure to LY294002 (20 uM) was able to reverse the effect of C5b-9 on K,1.3 (p =0.016). B. Point-
by-point subtraction of the current traces elicited from the C5b-9-stimulated cells obtained prior to and after application of LY294002 (20 pM) revealed the whole-cell currents
blocked by LY294002. The electrophysiological measurements were performed in 10 cells. C, D. OLGs were pretreated with the PI3K inhibitor LY294002 (10 or 20 uM) for 1 h, then
exposed to C5b-9 for 30 min. Lysates were analyzed by western blotting for Akt and FOXO1 as described above. Exposure to LY294002 was able to reverse the effect of C5b-9 on Akt
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Fig. 6. Effect of rOsK-1 on the activation of Akt and ERK1. OLGs were cultured in defined
medium and pretreated with rOsK-1 prior to stimulation with C5b-9. The effect of rOsK-
1 on Akt (A) and ERK1 (B) phosphorylation was analyzed by western blotting. rOsK-1
was able to inhibit Akt phosphorylation (p=0.018) but had no effect on ERK1
activation.

function of the up-regulated membrane currents, including K, 1.3-like
currents, making them likely to be activated at voltages closer to the
resting membrane potential; thus, less depolarization would be
required to open the same channels in C5b-9-stimulated OLGs than
in unstimulated OLGs.

Inhibition of sublytic C5b-9-induced expression of K,1.3 and outward
current by LY294002

To further investigate the mechanism of C5b-9-induced K,1.3
protein expression in OLGs, we examined the signaling pathways that
might be involved in its expression. Sublytic C5b-9 is able to activate
both the PI3K and MAPK family pathways (Niculescu et al., 1999a;
Soane et al., 2001). The C5b-9-induced expression of K,1.3 was
inhibited by LY294002 (20 pM), a specific PI3K inhibitor (p=0.016)
(Fig. 4A). To study the effect of LY294002 on outward current in OLGs
pretreated with C5b-9, we performed electrophysiological measure-
ments on 10 cells. Whole-cell currents were recorded from individual
non-treated and C5b-9-treated cells before and after bath application
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Fig. 7. Effect of K, 1.3 inhibition on DNA synthesis. OLGs were pretreated with rOsK-1 or
4AP for 1 h and then stimulated with serum C5b-9 for 24 h in the presence of 1 uCi [°H]
thymidine. C5b-9 significantly increased [>H]thymidine incorporation when compared
to C5b6 (p=0.005). Both 4AP (p=0.001) and rOsK-1 (p=0.003) blocked the [*H]
thymidine incorporation induced by C5b-9. Three separate experiments were
performed, and data are presented as means 4+ SEM.

of 20 UM LY294002. LY294002 blocked >90% of the total current and
~40% of the rapidly inactivating current (or types A) present after
exposure to C5b-9 (Supplementary Fig. 2). The remaining currents
were most probably K,1.4 or K,4.2, which are “A” type, fast and
transient currents. Point-by-point subtraction of the current recorded
after application of LY294002 (Supplementary Fig. 2C) from that
recorded when the cell was treated with C5b-9 (Supplementary
Fig. 2B) revealed the characteristics of current blocked by LY294002
(Fig. 4B). The blocked portion of the transient current was clearly
visible in Fig. 4B (arrow). LY294002 also inhibited the phosphoryla-
tion of Akt (Fig. 4C) and its downstream substrate FOXO1 (p = 0.006)
(Fig. 4D). These data indicate that LY294002 inhibits both the K,1.3
protein and the current induced by C5b-9 and suggest that the
activation of PI3K may be involved in K,1.3 channel expression.
It is important to mention that LY294002 has been shown to inhibit
the outward K, currents as well, by acting directly on the channel
(El-Kholy et al., 2003).

Regulation of sublytic C5b-9-induced expression of K, 1.3

C5b-9 has been shown to induce PI3K and ERK1 through the
activation of the Gi protein (Niculescu et al., 1999a; Soane et al., 2001).
In our study, exposure of OLG to pertussis toxin (PTX), a Gi protein
inhibitor, prior to stimulation with C5b-9 completely abolished the
expression of K,1.3 induced by C5b-9 (p =10.032) (Fig. 5A). In addition,
PD98059 (100 uM), a MEK1 inhibitor, also significantly reduced the
expression of K, 1.3 (p=0.05) (Fig. 5B). In contrast, SP 600125, a JNK
inhibitor, had no effect on the C5b-9-induced expression of K,1.3
(Fig. 5C). Thus, our data indicated that both the PI3K and ERK1 path-
ways are required for activation of K, 1.3 by C5b-9 and that activation
of these pathways may be dependent on the activation of Gi proteins.

Akt as an intracellular target for K,1.3

To further characterize the relationship between Akt and K,1.3, we
assessed the effect of inhibiting the expression of K, 1.3 on the Akt
activation induced by C5b-9. Activation of Akt depends on the
integrity of the pleckstrin homology domain, which mediates its
membrane translocation, and on the phosphorylation of Thr308 in the
activation loop and of Ser473 (Datta et al., 1999). To test the effect of
the K,1.3 inhibitor rOsk-1 on Akt activation, we examined the
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Fig. 8. Effect of rOsK-1 on C5b-9-induced down-regulation of MBP and PLP expression.
OLGs were cultured in defined medium for 56 h, and then stimulated with C5b-9 for 6 h
with or without rOsK-1 pretreatment. The expression of MBP and PLP mRNA was
determined by real-time PCR. The expression of MBP and PLP decreased significantly
after exposure to C5b-9 (p=0.05 for MBP and p=0.004 for PLP). Pretreatment with
rOsK-1 abolished the down-regulation of MBP and PLP induced by C5b-9. Results of
three separate experiments are expressed as mean 4 SEM, relative to CTR (considered
to be 100%).
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phosphorylation of Akt at Ser 473. rOsk-1 was able to inhibit the C5b-
9-induced phosphorylation of Akt at Ser 473 (p=0.018) (Fig. 6A).
Thus, our data indicated that activation of Akt is dependent on K,1.3
channel activation. The fact that Akt activation was dependent on
both PI3K and K, 1.3 indicates that Akt is situated downstream of both
these signal transduction molecules. On the other hand, rOsK-1 had
no effect on the C5b-9-induced activation of ERK1 (Fig. 6B), suggest-
ing that the ERK1 is not affected by the activation of the K,1.3
channels. Taken together, these data suggested that Akt might be one
of the intracellular targets used by K,1.3 channels to modulate cell
cycle progression.

Reversal of C5b-9-induced cell cycle activation by inhibiting K,1.3

The functional consequences of the K,1.3 channel activation
induced by C5b-9 in OLGs are currently unknown. We do know that
C5b-9 induces cell cycle activation and that the PI3K pathway is
important in this activation. Given this role for the PI3K pathway in

e -

F
%

K,1.3 activation, we assessed the ability of K,1.3 inhibitors to block
the C5b-9-induced activation of the cell cycle in OLGs. We pretreated
cells with rOsk-1, then stimulated them with C5b-9 and monitored
DNA synthesis using [*H]thymidine uptake as previously described
(Rus et al., 1996). In the OLGs, C5b-9 induced a 2-fold increase in [*H]
thymidine incorporation when compared to C5b6-stimulated cells
(p=0.005). 4AP (5 mM, p=0.001) and rOsK-1 5 nM (p=0.002) and
15 nM (p=0.003) were very effective in blocking the DNA synthesis
induced by C5b-9 (Fig. 7). These data clearly indicated that K,1.3 is
required for the cell cycle activation induced by C5b-9 in OLGs.

Effect of K,1.3 inhibition on MBP and PLP mRNA expression

Having shown that sublytic C5b-9 reduced the accumulation of
mRNAs encoding MBP and PLP (Rus et al., 1996), we next investigated
the effect of inhibiting K,1.3 on the down-regulation of the myelin
gene expression induced by C5b-9. As shown in Fig. 8, the down-
regulation of MBP (p = 0.05) and PLP expression (p = 0.004) induced
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Fig. 9. Expression of NG2-positive cells in MS brain and colocalization with K,1.3. Cryostat sections were immunostained for NG2 expression or double-stained for NG2 and K,1.3.
Expression of NG2 was abundant in MS active lesions, NAWM, and NAGM. NG2™* cells in active MS plaques (A) and NAWM (B) displayed multibranched processes. A smaller number
of NG2™ cells were seen in the NAGM. These cells also appeared to have a lower number of multibranched processes (C). NG2* cells (red deposits) also expressed K,1.3 (black
deposits) (D). E. Control for the immunoperoxidase reaction. A-E: original magnification x400. Inset: original magnification x1000. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Table 2
Expression of NG2, C5b-9 and Kv1.3 in MS brain.

Case no. Lesion (no.) Lesion type NG2 C5b-9 Kv1.3

(age, sex)

1 Frontal plaques (3) Acute ++ ++ +++

(38/F) NAWM ND + ++
NAGM ++ + +

2 Occipital plaques (3)  Chronic active — ++ ++ ++

(61/F) NAWM + ++ +
NAGM + + +

3 Parietal plaques (3) Chronic active ~ ++ ++ ++

(62/M) NAWM ++ +++ ++
NAGM ++ ND -

4 Frontal plaques (3) Acute ++ ND ++

(51/F) NAWM ND + +
NAGM + ++ +

5 Frontal plaques (3) Acute +++  +/++ ++

(61/F) NAWM ++ + ++
NAGM ++ + ++

6 Occipital plaques (3)  Acute + ND ++

(51,F) NAWM ++ ++ ++
NAGM ND +++ +

F, female; M, male; NAWM, normal appearing white matter; NAGM, normal appearing
gray matter; —, negative; +, slightly positive; ++, positive; ++ -+, highly positive;
ND, not determined.

by serum C5b-9 was reversed by pretreatment of OLGs with rOsK-1.
These data indicate the broader functional consequences of inhibiting
K, 1.3 channel activation for the biological effects induced in OLGs by
sublytic C5b-9.

NG27 cells express K,1.3 and co-localized with C5b-9 in brains from MS
patients

To identify putative OLG progenitor cells in the MS brain, we used
immunohistochemical staining with a monoclonal antibody against
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NG2 chondroitin sulfate proteoglycan (Wilson et al., 2006). NG2™
cells were found in active plaques as well as in NAWM and NAGM
areas in brains of MS patients (Fig. 9, Table 2). The anti-NG2 antibody
identified cells with several fine processes, and the expression of NG2
appeared to be higher in the brains of MS patients than in those of
controls (data not shown). The NG2 deposits were rather extensive in
some of the NAWM and NAGM areas (Figs. 9B,C). The pattern of
staining was often both cytoplasmic and at the surface of the cell
membrane (Fig. 9). Our data for NG2 staining in the MS brain were
similar to those reported by Willson et al. (Wilson et al., 2006). The
staining patterns that we observed for K,1.3 indicated that it was
expressed in both perivascular and parenchymal cells. As previously
shown, some of the cells expressing K,1.3 were CD3- and CD68-
positive (Rus et al., 2005). By double staining, we found that most of
the NG2-positive cells also expressed K, 1.3, suggesting that OPCs also
express K,1.3 in the MS brain (Fig. 9D).

The presence of C5b-9 deposits in MS brains was also investigated
using an anti-C5b-9 neoantigens antibody (Niculescu et al., 2004).
C5b-9 deposits were seen both at the cell surface and intracellularly.
In addition to being present in MS plaques, C5b-9 deposits were found
in NAWM and NAGM areas (Table 2, Figs. 10A,B), but the C5b-9
deposits in the NAWM and NAGM were less extensive than those in
MS plaques. The extent of the C5b-9 deposits varied from one lesion to
another (Table 2). On some serial sections, the pattern of NG2 staining
was comparable to that of C5b-9. When we used a double-staining
approach to further assess the pattern of C5b-9 deposits on NG2*
cells, we found that some of the NG2* cells also had C5b-9 deposits
(Fig. 10C). The NG2/C5b-9-positive cells were found in MS plaques as
well as NAWM and NAGM areas. Controls of the immunoperoxidase
reaction by excluding the primary antibody or by using isotype IgG
were negative (Figs. 9E and 10D).

These data indicate that C5b-9 deposits in MS brains are present not
only on macrophages, astrocytes, and OLGs, as previously reported
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Fig. 10. C5b-9 deposits in MS brain and co-localization with NG2 cells. Cryostat sections of MS brain were stained for C5b-9 or double-stained for C5b-9 and NG2. C5b-9 deposits were
found in active MS plaques (A) and NAWM (B). In double-staining analysis, NG2* cells (red deposits) also co-localized with C5b-9 deposits (black deposits) (arrowheads) (C).
D. Control for the immunoperoxidase reaction. A-D: original magnification, x400. Inset: original magnification, x1000. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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(Barnett and Prineas, 2004; Breij et al., 2008; Compston et al., 1989;
Storch et al., 1998), but also on NG2" OPCs. These data suggest that
complement activation and C5b-9 assembly on OPCs may be an
important modulator of K, 1.3 expression during demyelination in MS
brains.

Discussion

Assembly of lytic C5b-9 induces cell death by necrosis or apoptosis
(Nauta et al., 2002; Papadimitriou et al., 1994). In contrast, sublytic
levels of C5b-9 promote cell survival and proliferation (Cudrici et al.,
2006; Soane et al., 2001, 1999; Zwaka et al., 2003). The C5b-9 terminal
complement complex, a hallmark of complement activation, is
present in MS lesions (Breij et al., 2008; Lucchinetti et al., 2000) and
is known to induce cell cycle activation in OLGs (Rus et al., 1997,
1996). In the present study, we examined the effect of sublytic C5b-9
on K, 1.3 potassium channel expression and its role in sublytic C5b-9-
induced cell cycle activation in OLGs. We have shown for the first time
that K,1.3 channel activity is modulated by and necessary for C5b-9-
induced cell cycle activation. Other K, channels are presumably also
influenced by C5b-9, because rOSk-1 had no effect on the currents
generated after C5b-9 in some of the cells investigated. Our data
suggest that, as a component of the macroscopic K, current observed
in OLGs, only a fraction of the K,1.3 channels visualized by western
blotting likely contribute to functional K, current generation in the
cell.

To investigate the mechanism of K,1.3 protein up-regulation by
C5b-9, we used cyclohexymide a protein synthesis inhibitor. The
results of our pretreatment with cyclohexymide suggested that C5b-9
might stabilize K,1.3 channel expression protein expression in the
membrane, most probably by delaying normal degradation pathways
(Colley et al., 2007). Moreover, the time course of the C5b-9 effect
suggested that the hyperpolarizing shift in the voltage-dependence of
K,1.3 channel activation is supported by a functional modification,
rather than by transcriptional changes (Niculescu et al., 1999b). Since
different K,1 subfamily members have different determinants for
channel trafficking, further work will be required to identify
additional mechanisms by which C5b-9 could increase the expression
of K, 1.3. One might envision that C5b-9-induced signaling could serve
to release K,1.3 from the endoplasmic reticulum and thus delay the
degradation of the channel from the plasma membrane during
periods of activity aligned with C5b-9 signaling.

Our results point to an early involvement of K, 1.3 channels in the
initial signaling events at the membrane level and also suggest a role
for K,1.3 channel modulation in C5b-9 mediated cell cycle signaling.
We have shown for the first time that K, 1.3 is required in order for Akt
to be activated by C5b-9 and mediate the cell cycle activation in OLGs.
This role for K,1.3 is consistent with the role of K, channels in
modulating the signaling mediated by other growth factors (Guo
et al., 2005). Increases in K, 1.3 protein expression that occurred upon
C5b-9 activation could be inhibited after exposure to the channel
inhibitor rOsk-1, which blocks K,1.3 channel activity. In addition, we
found that rOsK-1 blocks K, 1.3 channel protein expression through a
mechanism yet to be identified. This effect seems to be specific for
channel protein expression, since rOsK-1 did not affect the expression
of total Akt or -actin.

In addition, we have shown that K,1.3 plays a role in the
dedifferentiation induced in OLGs by sublytic C5b-9 (Rus et al.,
1996). The fact that K, 1.3 inhibition reverses the C5b-9 effect on MBP
and PLP expression is important in view of the recent introduction of
4-AP extended-release tablets (dalfampridine) for the treatment of
patients with MS (Bever and Judge, 2009; Goodman et al., 2009),
suggesting that this therapy might have beneficial effects on OLG
myelination in an inflammatory milieu.

To investigate this potential relationship in vivo, we examined the
co-expression of NG2* cells and K,1.3 and looked for co-localization

with C5b-9 in the brains of MS patients. Our data indicated that most
of the NG2* cells express K, 1.3 and that some of these cells also have
C5b-9 deposits. All of these data suggest that our observed C5b-9
effects that we observed in vitro, including dedifferentiation and the
effects on K,1.3 expression may also occur in vivo in the brains of
patients with MS. It is important to note that proliferating OLGs have
been observed in vivo, in some active MS lesions (Solanky et al.,
2001).

In conclusion, our results indicate that C5b-9 contributes to OLG
survival by modulating the function of K, 1.3 channels, which play an
important role in cell cycle activation by controlling Akt phosphor-
ylation. This function of C5b-9 may have additional significance in
situations in which cell cycle activation is induced in OLGs by C5b-9, in
particular in experimental autoimmune encephalomyelitis and MS,
conditions in which complement activation and C5b-9 assembly occur
ubiquitously (Linington et al., 1989; Lucchinetti et al., 2000; Breij
et al, 2008). Our data suggest that C5b-9 may promote the
dedifferentiation and possibly prevent the differentiation of OPCs in
vivo. Based on our findings, it is reasonable to speculate that inhibition
of K, 1.3 expression could increase remyelination and differentiation
of progenitor cells to OLGs in MS.

Supplementary materials related to this article can be found online
at doi:10.1016/j.yexmp.2011.04.006.
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